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PREFACE 
to  Volume  II,  Part  1 


The  manuscript  of  Volume  II  of  this  monograph  was  ready  in  draft 
form  when  the  first  volume  was  delivered  for  publication  in  1944.  After 
the  interruption  caused  by  war,  I  felt  reluctant  to  publish  the  second 
volume  without  thorough  revision  in  the  light  of  new  research  data  and 
of  my  own  better  understanding  of  some  of  the  phenomena  discussed. 
I  began,  in  1947,  a  revision  of  the  manuscript;  while  I  was  revising  the 
material,  research  in  the  field  of  photosynthesis  picked  up  after  the  war¬ 
time  slack,  and  the  writing  became  something  of  an  Achilles  vs.  turtle  race. 
When,  finally,  the  text  achieved  a  temporary  completeness,  the  count  of 
the  galleys  revealed  that  it  had  become  too  long  to  be  published  under 
one  cover.  It  was  therefore  divided  into  two  half-volumes.  The  division 
cut  through  the  part  dealing  with  the  kinetics  of  photosynthesis.  Because 
of  this,  it  seemed  inadvisable  to  provide  this  half-volume  with  a  separate 
subject  index;  an  index  for  the  whole  work  will  be  found  at  the  end  of  the 
second  part.*  The  latter  will  complete  the  treatment  of  the  kinetics  of 
photosynthesis  (temperature  effects,  flashing  light  experiments,  induction 
phenomena,  and  the  function  of  the  pigments,  especially  the  energy  transfer 
between  them).  The  last  three  chapters  will  constitute  an  addition  to 
\  olume  I,  and  will  deal  particularly  with  the  new  work  on  photochemistry 
of  pigments  (in  solution  and  in  chloroplasts),  and  with  studies  of  the 
chemistry  of  carbon  dioxide  reduction  by  means  of  radioactive  carbon. 

The  hopeful  advance  in  these  two  fields  has  changed  the  appearance 
of  the  whole  field  of  photosynthesis.  The  analysis  of  kinetic  data,  to 
which  many  pages  in  this  half-volume  are  devoted,  now  seems  somewhat 
like  an  attempt  to  reach  a  treasure  chamber  by  drilling  through  steel  walls 
whi^  keys  have  been  found  to  unlock  the  door.  However,  photosynthesis 
is  not  only  a  biochemical  process  in  which  all  we  want  to  learn  is  the 
chemical  composition  of  the  intermediates  and  the  nature  of  the  enzymes 
involved  It  is  also  a  most  interesting  physicochemical  phenomenon- 
+  kmetics  will  be  worth  continued  study  even  after  organic  chemists 
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and  biochemists  have  disentangled  its  chemical  processes  as  thoroughly 
as  they  did  those  of  respiration — which  is  still  a  long  way  to  go.  As  a 
matter  of  fact,  the  kinetic  aspects  of  respiration  themselves  are  not  ade¬ 
quately  known,  and  will  have  to  undergo  hard  study  sooner  or  later. 

Mr.  Earl  E.  Jacobs  not  only  kindly  checked  the  derivation  of  kinetic 
equations  in  Chapters  26,  27,  and  28,  but  has  contributed  much  original 
thought  and  work  to  their  development  and  interpretation;  it  is  a  pleasure 
to  thank  him  for  his  unstinted  assistance. 

Much  of  the  work  on  this  volume  was  carried  out  while  I  was  a  member 
of  the  Solar  Energy  Research  Project  at  the  Massachusetts  Institute  of 
Technology.  My  thanks  are  due  to  the  Project  Committee  and  its  chair¬ 
man,  Professor  Hoyt  C.  Hottel,  for  generous  assistance.  I  am  equally 
indebted  to  the  Photosynthesis  Research  Project,  Department  of  Botany, 
University  of  Illinois,  and  Professor  Robert  Emerson,  whose  understand¬ 
ing  and  help  have  made  the  termination  of  the  work  possible. 

Mrs.  Carolyn  Baer,  Mrs.  Marjorie  Goodrich,  and  Mr.  T.  R.  Punnett 
have  given  me  valuable  aid  in  the  reading  of  the  proofs  and  the  checking 
of  the  bibliography. 

Eugene  I.  Rabinowitch 

Urbana 
June  1951 
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Chapter  21 

ABSORPTION  SPECTRA  OF  PIGMENTS  IN  VITRO 


A.  Absorption  Spectra  of  Chlorophyll 
and  Its  Derivatives* 

1.  Absorption  Spectra  of  Chlorophylls  a  and  b 

The  spectra  of  chlorophylls  a  and  b  have  been  studied  in  detail  because 
of  their  theoretical  interest,  as  well  as  because  of  their  usefulness  for  the 
spectrophotometric  determination  of  these  pigments.  Until  recently,  the 
results  of  different  authors  did  not  agree  very  well,  either  in  the  exact  posi¬ 
tions  of  the  band  maxima,  or  in  the  values  of  the  extinction  coefficients. 
Lately,  improved  chromatographic  purification  methods  have  enabled 
Zscheile  and  co-workers  (c/.  Zscheile  1934,  1935;  Zscheile  and  Comar  1941 ; 
Comar  and  Zscheile  1941;  Harris  and  Zscheile  1943)  and  Mackinney 
(1938,  1940,  1941)  to  obtain  preparations  of  chlorophylls  a  and  b  that  could 
meet  high  standards  of  spectroscopic  purity  and  reproducibility. 


Zscheile,  Comar  and  Mackinney  (1942)  studied  samples  of  chlorophyll  prepared  by 
the  first  two  investigators  at  Purdue  and  by  the  third  one  at  Berkeley,  measuring  the 
extinction  coefficients  by  means  of  two  different  photoelectric  spectrophotometers. 

For  Zscheile  and  Comar’s  “wet”  preparation  of  chlorophyll  a  (c/.  page  604),  the 
two  instruments  gave  practically  identical  extinction  curves.  (In  the  region  between  430 
and  660  vein,  all  deviations  wrere  within  2%.)  This  shows  how  successfully  large  photo¬ 
metric  errors  (which  are  common  in  visual  and  photographic  determinations  of  absorption 
curves)  can  be  eliminated  by  the  use  of  photoelectric  devices. 


The  spectra  of  the  solutions  of  chlorophylls  a  and  b  prepared  by  Mackinney  in  the 
diy  state  were,  on  the  whole,  similar  to  that  of  Zscheile’s  moist  preparation;  but  dif¬ 
ferences  up  to  10%  in  chlorophyll  o  and  15%  in  chlorophyll  b  did  occur  between  the  ex¬ 
tinction  curves  determined  in  the  two  laboratories,  as  well  as  between  these  two  curves 
and  that  of  Zscheile’s  preparation.  The  deviations  varied  irregularly  with  wave  length, 
indicating  the  probable  presence,  in  Mackinney’s  preparation,  of  an  admixture  of  colored 
components.  One  may  regret  that  no  measurements  were  made  below  430  npi,  since 
earlier  experiments  have  shown  a  particularly  strong  variability  of  the  absorption  curve 
in  this  spectral  region  (c/.  page  607). 

The  differences  between  the  absorption  curves  of  Zscheile  and  Mackinney  appear 
minor  when  compared  with  the  discrepancies  that  existed  between  the  curves  published 
by  ear  her  mvest.gators  (cf.  Table  21.1).  These  discrepancies  must  have  been  due  to  the 
use  of  less  relmble  photometnc  devices,  and  to  the  inferior  purity  of  the  earlier  chloro- 
*  Bibliography,  page  668. 
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phyll  preparations — the  latter  clearly  indicated  by  the  relatively  high  absorption  in  the 
green  (c/.  last  column  in  Table  21. IB). 

A  spectroscopically  important  impurity  likely  to  be  present  in  many 
chlorophyll  preparations  is  the  magnesium-free  pheophytin,  formed  from 
chlorophyll  whenever  the  latter  comes  in  contact  with  acids.  Elimination 
of  magnesium  from  chlorophyll  may  take  place  even  in  living  plants,  e.  g., 
under  the  influence  of  acid  fumes  (c/.  Stern  1935,  1938;  and  Tiegs  1938); 
it  can  easily  occur  during  extraction,  when  the  pigments  are  exposed  to  the 
action  of  acids  contained  in  the  cell  sap.  (Harris  and  Zscheile  added  mag¬ 
nesium  carbonate  to  the  extracting  solvent  to  neutralize  these  acids.) 
This  “primary”  pheophytin  is  removed  during  chromatographic  separation 
(according  to  Zscheile  1941,  a  pheophytin  layer  in  the  chromatogram  was 
responsible  for  his  earlier  belief  that  leaf  extracts  contain  a  “chlorophyll 
c”  cf.  Vol.  I,  p.  402);  but  some  pheophytin  can  again  be  formed  afterward, 
e.  g.,  under  the  influence  of  atmospheric  carbon  dioxide. 

As  shown  in  figures  21.18  and  21.19,  the  pheophorbides  (and  this  ap¬ 
plies  to  pheophytins  as  well)  have  rather  strong  absorption  bands  in  the 
green.  Zscheile  and  Comar  (1941)  and  Harris  and  Zscheile  (1943)  lound 
that  the  ratios  of  the  extinction  coefficients  in  the  maxima  ol  the  red 
chlorophyll  bands  (660  m/x  for  component  a  in  ethyl  ether  and  642.5  m/x 
for  component  b  in  the  same  solvent)  and  of  the  green  bands  ot  pheophytin 
(505  and  520  my,  respectively)  reach  52  in  solutions  of  the  purest  prepara¬ 
tions  of  chlorophyll  a,  and  19  in  similar  preparations  of  chlorophyll  b, 
but  may  drop  to  as  low  as  20  and  4.5,  respectively,  after  these  piepaiations 
have  been  allowed  to  stand  for  as  little  as  a  single  day  in  the  dry  state. 
Zscheile  and  Comar  (1941)  recommended  therefore  that  drying  be  avoided 
altogether  in  the  preparation  of  spectroscopically  pure  chlorophyll  solu¬ 
tions.  More  recently,  Zscheile,  Comar  and  Mackinney  (1942)  succeeded 
in  preparing  dry  chlorophyll  a  which  could  be  stored  and  still  shoved, 
upon  dissolution,  the  high  ratio  of  extinctions  in  the  red  and  in  the  green 
indicative  of  high  purity;  but  no  standard  procedure  for  obtaining  such 

stable  preparations  could  be  given. 

Zscheile,  Comar  and  Harris  (1944)  found  that  the  spectra  of  ethereal 
solutions  of  pure  preparations  of  chlorophyll  a  show  signs  ot  deterioration 
after  about  one  week  storage  at  0-5°  C.  in  darkness.  Crude  ether  extracts 
from  leaves,  on  the  other  hand,  proved  to  be  comparatively  stable  some 
gave  no  evidence  of  spectroscopic  change  even  after  14  weeks  storage  (at 
—  20°  C.).  Fresh  corn  leaves  could  be  stored  at  -20°  C1.,  for  a  vhoe 

month  without  deterioration  of  chlorophyll. 

Another  problem  of  chlorophyll  purification  is  the  elimination  of  traces 

of  chlorophyll  a  from  chlorophyll  b.  According  to  Zscheile,  supposed  y 
“pure"  chlorophyll  b,  used  by  many  earlier  observers,  did  contain  up  to 
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10%  of  chlorophyll  a.  Its  presence  can  easily  be  recognized  by  increased 
light  absorption  at  614  him-  According  to  Biermacher  (1939),  the  fluores¬ 
cence  spectrum  of  chlorophyll  b  is  even  more  senstive  to  contamination  w it h 
chlorophyll  a  than  the  absorption  spectrum  (cf.  chapter  23,  page  744). 
He  recommended  extraction  with  hexane  (which  dissolves  chlorophyll  a 
much  more  easily  than  chlorophyll  b)  as  a  means  of  final  purification  of  the 
6-component.  Extraction  is  repeated  until  the  fluorescence  spectrum  of  the 
residue  no  longer  shows  the  chlorophyll  b  band. 

Meyer  (1939)  asserted  that  the  band  at  535  m/x,  which  is  noticeable  in  most  if  not 
all  extinction  curves  of  pure  chlorophyll  a  (cf.  fig.  21. IB,  and  Table  21. IA),  is  not  found 
in  the  spectra  of  fresh  leaf  extracts,  and  concluded  that  a  mixture  of  the  purified  chloro¬ 
phylls  a  and  b  is  not  identical  with  what  he  designated  as  “native”  chlorophyll  (a  -f-  6). 
This  conclusion  was  criticized  by  Mackinney  (1940,  1941),  who  found,  to  the  contrary, 
that  by  mixing  the  two  pure  chlorophyll  components  one  can  reproduce  the  spectrum  of 
a  fresh  leaf  extract  in  all  its  details  (except,  of  course,  for  the  blue-violet  region,  where 
the  absorption  of  the  extracts  is  partly  due  to  the  carotenoids). 

Figures  21.1  A  and  B  show  the  extinction  curves  of  the  two  pure  chloro¬ 
phyll  components  in  ethyl  ether,  according  to  Zscheile  and  Comar  (1941). 
(The  second  figure  is  an  enlarged  detail  of  the  first  one.) 
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The  absorption  curves  given  by  Mackinney  (1938,  1940,  1941)  and 
by  Winterstein  and  Stein  (1933),  although  less  detailed,  agree  satisfactorily 
with  figure  21.1;  but  those  of  Sprecher  von  Bernegg,  Heierle  and  Almasy 
(1935)  and  of  Hagenbach,  Auerbacher  and  Wiedemann  (1936)  show  con¬ 
siderable  deviations,  illustrated  by  Tables  21.1. 


Table  21.1.  Chlorophyll  Solutions  in  Ethyl  Ether 


A.  Absorption  Maxima.  Main  bands  in  italics. 


Band 

no. 

Rudolph 

(1933) 

Sprecher 
von  Bernegg 
et  al. 
(1935) 

Hagenbach 
et  al. 
(1936) 

Egle° 

(1939) 

Mackinney 

(1940) 

Zscheile 

and 

Comar 

(1941) 

Harris 

and 

Zscheile 

(1943) 

Chlorophyll  a 

1 

660 

657.  S 

655.6 

662.2 

660 

660.0 

660.0 

2 

613 

612.5 

608.5 

613.6 

— 

612.5 

614.0 

3 

577 

575.4 

574.6 

574.1 

— 

572.5 

— 

4 

— 

534.8 

531.8 

530.6 

— 

527.5 

— 

5 

— 

— 

510.8 

— 

— 

— 

— 

6 

— 

503.8 

494.2 

490.5 

— 

497.5 

— 

7 

— 

— 

464.1 

— 

— 

— 

— 

8 

— 

425.8 

430.7 

431.1 

430 

427.5 

429.0 

9 

— 

407.0 

— 

— 

— 

410.0 

410.0 

Chlorophyll  b 


1 

643 

642.2 

637.6 

644-6 

642.5 

642.5 

642.5 

2 

597 

594.7 

589.1 

595.6 

— 

592.5 

594.0 

3 

— 

566.7 

567.3 

— 

567.5 

— 

4 

558 

— 

559.4 

544.6 

— 

— 

— 

5 

_ 

— 

552.6 

— 

— 

— 

— 

6 

_ 

537 

540.4 

— 

— 

547.5 

— 

7 

_ 

499.9 

— 

— 

502.5 

— 

8 

_ 

451.8 

449.9 

457.3 

453 

452.5 

453.0 

9 

— 

425.8 

— 

426.5 

— 

430.0 

428.5 

B  Molar  Extinction  Coefficients,  a  =  log  ( h/I)/cd ,  where  c  is  in  mole/1,  and  d 

is  in  cm.  Most  probable  values  in  italics.  _ 


Chlorophyll  a  in  ethyl  ether  _ __ 

a  X  10  Ratios  of  coefficients 


blue  peak  red  peak 


Observers 

Red  peak 
(660  m/t) 

Blue  peak 
(430  m/i) 

Green  min. 
(472  m/i) 

red  peak 

green  min. 

Sprecher  von  Bernegg  et  al. 

(1935) . 

Hagenbach  et  al.  (1936). . .  . 

Mackinney  (1940) . 

Zscheile  and  Comar  (1941). 

7.4 

7.23 

7.65 

9.10 

8.5 

14.3 

9.75 

12.0 

0.27 

0.25 

0.11 

0.08 

1.15 

1.98 

1.28 

1.32 

27 

29 

70 

114 

Zscheile,  Comar  and  Mac¬ 
kinney  (1942)6 . 

Same' . 

Same** . 

Harris  and  Zscheile  (1943). 

9.00 

8.34 

8.78 

11.7 

10.4 

11.5 

0.08 

0.09 

0.09 

1.35 

1.39 

1.31 

1.33 

108 

85 

84 

Table  continued 
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Table  21.1 — Continued 
Chlorophyll  b  in  ethyl  ether 


Observers  (643  m/x)  (453  ni/x)  (510  m/x) 


Sprecher  von  Bernegg  et  al. 

(1935) .  .  4.7  9.4  0.28  2.0  17 

Hagenbach  et  al.  (1936) .  .  7.10  20.9  0.34  2.91  21 

Mackinney  (1940) .  5.00  13.6  0.26  2.72  19 

Zscheile  and  Comar  (1941)  5.15  15.5  0.24  3.01  21 

Zscheile,  Comar  and  Mac¬ 
kinney  (1942)° .  4.80  12.9  0.24  2.65  20 

Same* .  4.98  13.9  0.24  2.79  21 

Harris  and  Zscheile  (1943)  —  —  —  2.98  — 


°  Band  “axes” — i.  e.,  arithmetic  means  of  the  wave  lengths  of  the  limits  of  blacken¬ 
ing  on  a  photographic  plate  (all  other  data  in  this  table  were  obtained  by  photoelectric 
photometry) . 

b  Zscheile  and  Comar’s  moist  preparation  measured  by  Mackinney. 
c  Mackinney’s  dry  preparation  measured  by  Zscheile  and  Comar. 
d  Mackinney’s  dry  preparation  measured  by  Mackinney. 


The  reproducibility  of  the  red  band  encourages  its  use  for  the  spectrophotometric 
assay  of  the  two  chlorophylls.  This  method  was  developed  by  Ghosh  and  Sen-Gupta 
(1931),  Zscheile  (1934,  1935),  Sprecher  von  Bernegg,  Heierle  and  Almasy  (1935),  Haskin 
(1942),  Comar  and  Zscheile  (1942),  Comar  (1942)  and  Comar,  Benne  and  Buteyn 
(1943).  Measurements  at  two  different  wave  lengths  are  required  to  calculate  the 
concentrations  of  the  two  components.  The  use  of  the  absorption  maxima  at  642.5 
and  660  m^  permits  the  most  sensitive  determination,  but  requires  precise  work,  since 
the  extinction  values  in  the  sharp  absorption  peaks  are  very  sensitive  to  variations  in 
the  width  of  the  spectrometer  slit  or  to  slight  errors  in  the  adjustment  of  the  monochro¬ 
mator.  Cross-checks  at  other  wave  lengths  are  therefore  desirable.  All  errors  could  be 
eliminated  by  the  use  of  monochromatic  light;  but  the  spectrum  of  the  mercury  arc — 
the  usual  source  of  monochromatic  light  in  the  laboratory— does  not  contain  suitable 
lines  in  the  red  and  orange  regions. 

As  pointed  out  once  before,  particularly  wide  discrepancies  can  be 
noted  between  the  different  extinction  curves  in  the  blue-violet  region  ( cf 
table  2.1. IB).  It  was  noted  by  Albers  (1941)  that  the  subsidiary  violet 
band  (situated,  in  ethereal  solution,  at  410  mM  in  chlorophyll  a  and  430 
m„  in  chlorophyll  b)  sometimes  appears  as  a  slight  hump  on  the  main 
band,  and  sometimes  as  a  separate  peak,  almost  as  prominent  as  the  main 
e.  e  observed  variations  in  the  maximum  height  of  the  violet  peak 

sZcture  by  the  m°re  °r  leSS  COmplete  of  this  doubTet 

tenoidforoTb8  °f  this,type  Tn0t  be  attributed  to  the  presence  of  caro- 

region  is  desirable^If  tlTd  A  rtene'Ved,  Ph°tometric  study  of  this  spectral 

ficabon  of  the  „  th!,deVlatl0nS  W,U  not  disappear  upon  further  puri- 

cation  of  the  material  and  improvement  of  the  photoelectric  methods  n™ 

may  ave  to  consider,  as  a  possible  explanation,  the  existence  of  tautomers 
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Fig.  21.2.  Chlorophyll  a  structure  according  to  Hans  Fischer.  A,  B  and  C  are  three 
isomeric  or  tautomeric  (or  mesomeric)  structures,  distinguished  by  the  routing  of  the 
all-round  conjugated  ring  system  (heavy  line)  and  the  positions  of  the  “semi-isolate 
double  bond  and  of  the  Mg— N  bonds  (all  of  which  depend  on  this  routing).  The 
asterisk  designates  the  position  of  a  carbonyl  group  in  chlorophyll  b.  A  semi-isolated 
double  bond  in  nucleus  III ;  Mg  bound  to  nuclei  I  and  II.  B,  semi-isolated  double  bond 
in  nucleus  II;  Mg  bound  to  nuclei  I  and  III.  C,  semi-isolated  double  bond  in  nucleus 
I;  Mg  bound  to  nuclei  II  and  III. 


We  recall  that  the  three  structures  of  chlorophyll,  A,  B  anil  C,  described 
in  chapter  10,  Vol.  I,  (of.  fig.  21.2),  were  characterized  there  as  probably 
tautomeric  rather  than  mesomeric.  We  also  recall  that  Strain  and  Mann¬ 
ing  found  (cf.  page  403)  in  the  chromatograms  of  leaf  extracts,  two  new 
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chlorophylls,  which  they  called  a'  and  b'  and  interpreted  as  tautomers  of 
chlorophylls  a  and  b.  The  forms  A,  B  and  C  have  different  double  bond  ar¬ 
rangements  in  the  nonhydrogenated  pyrrole  nuclei,  but  the  same  hydro¬ 
genated  nucleus  IV.  Since  the  red  absorption  band  is  somehow  associated 
with  the  hydrogenation  of  this  nucleus  ( cf .  page  621),  modifications  A,  B 
and  C  may  have  identical  red  bands.  They  could,  however,  differ  in  the 
positions  or  shapes  of  the  blue-violet  bands,  associated  with  the  conjugated 
porphin  system  as  a  whole. 

Erdman  and  Corwin  (1946)  noted  the  spectroscopic  similarity  of  etio- 
porphyrin  and  A^-methyl  etioporphyrin,  and  deduced  from  this  that  the 
two  “central”  H-atoms  in  the  porphin  system  must  be  fixed  at  definite 
nitrogen  atoms  for  10 ~8  sec.  This  supports  the  hypothesis  that  struc¬ 
tures  such  as  those  represented  by  the  three  formulas  in  figure  21.2  are 
tautomeric  rather  than  mesomeric. 

We  have  used  so  far  only  data  obtained  with  ethyl  ether  as  solvent, 
since  they  alone  offered  the  possibility  of  comparison  between  the  results 
of  several  observers.  Determinations  of  extinction  curves  of  chlorophyll 
in  solvents  other  than  ether  are  listed  in  Table  21.11. 


Table  21. II 

Chlorophyll  Extinction  Measurements  in  Various  Solvents 

Solvent  Reference 

Methanol .  Rabinowitch  and  Weiss  (1937)  (ethyl  chlorophyl- 

hde) ;  Harris  and  Zscheile  (1943);  McBrady  and 
Livingston  (1948,  1949) 

Ethano1 .  Meyer  (1939);  Sprecher  von  Bernegg,  Heierle  and 

Almasy  (1935) 

Butanol  (n-  and  iso-) .  Harris  and  Zscheile  ( 1943)° 

0ctano1 .  Harris  and  Zscheile  (1943)° 

1-Propyl  ether .  Harris  and  Zscheile  (1943)° 

Dioxane .  Harris  and  Zscheile  (1943)° 

BenZene .  Winterstein  and  Stein  (1933);  Hausser  {cf.  Fischer 

n  ,,  and  Stern,  1940;  Harris  and  Zscheile  (1943) 

Cyclohexane .  Harris  and  Zscheile  (1943) 

CflrhnTtPtr  Vil  a .  Mackinney  (1940);  Harris  and  Zscheile  (1943) 

arbon  tetrachloride .  Harris  and  Zscheile  (1943)° 

et  yl  oleate .  Harris  and  Zscheile  (1943)° 

_  lve  011 .  Harris  and  Zscheile  (1943)° 

°  6Veral  °f  the  CUrveS  °f  Harris  and  Zscheile  (1943)  are  reproduced  in  figure  21.26. 


showIltwretlV^TlT  1  the  tW°  chl0r°Phylls  in  «»  ^violet  are 
,l"  '  f"Jre  2t1-3'  The  absorption  remains  considerable  all  the  wav 

1  at  3  0  “."IC  the  m.ost  Promincnt  band  is  a  double  band  of  chlorophyll 
at  310  and  335  m.  In  the  spectrum  of  chlorophyll  a,  distinct  maxima 
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appear  at  325  and  375  mu.  Below  the  region  shown  in  figure  21.3,  both 
components  have  an  absorption  maximum  at  250  mju  (a6p.  —  30). 

An  absorption  band  at  330  mu  was  first  noticed  in  the  spectrum  of  alcoholic  extracts 
from  nettle  leaves  by  Lewkowitsch  (1928). 

The  absorption  spectra  of  chlorophyll,  ethyl  chlorophyllide  and  phytol 
in  the  infrared  were  described  by  van  Gulik  (1914)  and  Stair  and  Coblentz 


Fie  21.3.  Ultraviolet  spectrum  of  chlorophylls  a  and  b  in  ethyl  ether  (after 
Harris  and  Zscheile  1943).  Specific  extinction  coefficients;  c  in  g./l. 


( 1933) .  Chlorophyll  is  transparent  between  0.7  and  3  „ >  (this  maybe  useful 
in  preventing  the  overheating  of  leaves  in  direct  sunligh  )• 
absorption  bands  at  H  and  5.8  most  of  them  are  found  also  in  he 
spectrum  of  phytol,  and  are  absent  from  that  of  ethyl  chlorophy  (/• 
fig.  21.4  and  Table  21.IIA);  they  thus  belong  to  the  phytyl  chain  rat 
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than  to  the  chlorophyllin  ring  system.  The  frequencies  1045,  1265,  1450. 
1545  and  1610  cm.-1,  on  the  other  hand,  seem  to  belong  to  chlorophyllin. 

Table  21.IIA 


Infrared  Absorption  Frequencies  of  Chlorophyll  (a  +  b ),  Phytol 
and  Ethyl  Chloropiiyllide  (a  +  b)a 


Chl., 
a  +  b. 
cm. 

Phytol, 
cm.  “l 

Et.  chl., 
a  +  b, 
cm.  ~l 

Chl., 
a  +  b, 
cm.  ~l 

Phytol, 
cm.  _l 

Et.  chl., 
a  +  b, 
cm.  “I 

— 

5260 

— 

1370 

1375 

_ . 

4255 

4200 

— 

1265 

— 

_ 

3365 

3380 

3445 

— 

1220 

— 

2915 

2915 

2940 

1160 

1165 

— 

2360 

2360 

— 

— 

1100 

— 

— 

2035 

— 

1045 

— 

1040 

1730 

1745 

— 

995 

1005 

— 

1675 

1675 

1695 

920 

— 

— 

1610 

— 

— 

835 

815 

820 

15^5 

— 

1550 

795 

775 

780 

1450 

1445 

1450 

750 

720 

735 

a  Strongest  bands  in  italics. 


In  considering  Table  21.1  and  figures  21.1  A  and  B,  one  notices  the  al¬ 
ternation  of  the  absorption  peaks  of  the  chlorophylls  a  and  b.  This  rela¬ 
tionship  was  interpreted  by  Willstatter  and  Stoll  (as  well  as  by  Hagenbach, 
Auerbacher  and  Wiedemann)  as  an  indication  that  the  two  sensitizers  sup¬ 
port  each  other  in  ensuring  complete  utilization  of  all  wave  lengths  of  the 
visible  spectrum.  However,  the  slight  differences  in  position  ol  the  two 
main  bands  in  the  red,  and  the  alternation  of  low  maxima  in  the  yellow  and 
orange,  can  have  but  slight  influence  on  the  efficiency  of  light  absorption  by 
living  plants,  as  a  detailed  comparison  (at  present  unavailable)  of  the  ab¬ 
sorption  spectra  of  green  algae  with  those  of  the  chlorophyll  6-deficient 
brown  algae  will  certainly  confirm.  There  is,  however,  one  spectral  region 
in  which  the  presence  of  chlorophyll  b  markedly  improves  the  absorption. 
This  is  in  the  blue,  between  450  and  530  mu  (< cf .  chapter  22,  page  720). 
This  fact  may  explain  why  plants  that  grow  in  the  shade  often  contain  more 
chlorophyll  b  than  sun  plants  (cf.  page  403).  In  brown  algae,  which  carry 
no  chlorophyll  6,  a  similar  improvement  of  absorption  in  the  blue  is  achieved 

by  the  presence  of  fucoxanthol  (cf.  page  725). 

A  much  more  efficient  absorption  throughout  the  visible  spectrum 

could  result  from  the  addition,  to  the  yellow-green  chlorophyll  a,  of  a  pur¬ 
ple  pigment,  with  an  absorption  maximum  in  or  near  the  middle  of  the 
visible  spectrum.  Nature  has  provided  this  type  of  pigmentation  in  red 
algae.  These  often  inhabit  the  dim  regions  deep  under  the  sea,  and  ef¬ 
ficient  absorption  of  all  radiations  that  reach  them  ma}  be  a  question 
life  or  death  for  them.  For  sun-exposed  plants,  on  the  other  hand,  com- 
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plete  absorption  of  all  visible  light  appears  to  be  unnecessary,  or  even  harm¬ 
ful.  As  stated  before  (compare  Volume  I,  chapter  19),  chlorophyll  prob¬ 
ably  was  adopted  as  sensitizer  for  photosynthesis  not  because  of  a  particu¬ 
larly  favorable  absorption  spectrum,  but  because  of  its  peculiar  photosensi¬ 
tizing  properties.  Once  having  found  a  suitable  sensitizer,  nature  then 
made  adjustments  to  improve  the  supply  of  light  energy  to  species  living 
in  unfavorable  habitats — by  increasing  the  quantity  of  chlorophyll  b  in 
shade  plants,  and  by  providing  brown  algae  with  fucoxanthol,  and  red 
algae  with  phycobilins.  The  presence  of  the  latter  makes  the  red  algae 
capable  of  growth  even  under  a  thick  layer  of  blue-green  sea  water. 


WAVE  LENGTH,  try 

Fig.  21.4A.  Absorption  spectrum  of  allomerized  chlorophyll  a  in  methanol 

(after  Livingston  1948). 

tRSr&fpssssssx 

<'(10)  atom  (cf.  Vol  1  page  460?“  Tl '  '.an<!  Flscller’  oxidized  at  the 

Livingston  and  co-ivo i££  * 

Fischer's  chemical  oh?  CTe"  in  «>e  absence  of  air: 

According  to  Livingston  (1948  "l94q?  '  n"'  qum”,le  llas  the  same  effect. 
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cuives  in  this  figure  were  obtained  by  chromatographic  separation  of  a 
partially  allomerized  solution;  a  curve  identical  with  curve  b  is  obtained 
by  leaving  a  methanolic  solution  of  chlorophyll  a  stand  in  air  at  80°C.  for 
two  days,  or  by  adding  to  it  2—3  equivalents  ol  iodine,  or  by  adding  traces 
(10  5  ml.)  of  LaC  13  or  CaCh.  Standing  in  air,  or  addition  of  traces  of 
iodine,  has  no  effect  on  the  spectrum  of  chlorophyll  a  in  ether  or  carbon 
tetrachloride,  except  for  slow  general  bleaching.  If  some  methanol  is  added 
to  the  nonpolar  solvent,  allomerization  proceeds  more  slowly,  but  ends 
with  being  as  complete  as  in  pure  methanol;  transfer  of  allomerized  pro¬ 
duct  into  pure  ether  or  carbon  tetrachloride  does  not  reverse  the  change. 

In  cresol,  allomerization  also  seems  to  occur,  but  is  complicated  by  other 
changes,  probably  due  to  the  acid  nature  of  this  solvent. 

Livingston  and  co-workers  also  have  measured  the  absorption  spectrum 
of  the  yellow  and  brown  unstable  intermediates  in  the  reactions  of  chloro¬ 
phyll  (in  methanol)  with  FeCl3  (Yol.  I,  page  464)  and  with  alkali  (see 
“phase  test,”  Vol.  I,  page  459).  The  results  will  be  described  in  chapter  37, 
in  the  section  dealing  with  new  observations  on  the  chemistry  of  chloro¬ 
phyll. 

2.  Absorption  Spectra  of  Chlorophylls  c  and  d,  Bacteriochlorophyll  and 

Protochlorophyll 

The  absorption  spectrum  of  “chlorophijll  c,"  also  called  chlorofucin  ( cf . 
Vol.  I,  page  406),  is  characterized,  according  to  the  earlier  authors  (e.  g., 
Tswett),  by  a  band  in  the  region  of  630  m/x.  Strain  and  Manning  (1942) 
determined  the  extinction  curve  of  this  compound,  first  by  subtraction  of 
the  extinction  curve  of  pure  chlorophyll  a  from  that  of  the  chlorophyll  ex¬ 
tract  from  brown  algae,  and  later  by  direct  spectrophotometry  of  isolated 
chlorophyll  c.  Figures  21.5A  and  B  show  that  the  results  of  the  two  meth¬ 
ods  are  in  approximate  agreement.  Two  “chlorofucin’  bands  are  situated 
in  the  orange  and  red — with  peaks  at  575.5  and  627  m/x,  respectively,  in 
methanol,  and  at  581  and  631  m/x,  respectively,  in  80%  acetone.  Figuie 
21.5C  also  shows  a  band  in  the  blue  (at  446  m/x)  almost  ten  times  stiongei. 
The  ratio  between  the  intensities  of  the  bands  in  blue  and  red  is  thus  much 
larger  than  in  chlorophyll  b  (where  it  is  about  3),  not  to  speak  of  chlorophyll 
a  (where  the  two  bands  are  approximately  equal  in  intensity,  cf.  Tables 
2 l.IB  and  21.' VI 1 1),  but  the  general  pattern  of  the  spectrum  is  similar. 

Wassink  and  Kersten  (1946)  and  Tanada  (1951)  gave  similar  absorp¬ 
tion  curves  for  a  “chlorophyll  c”  fraction  from  chromatographic  fiac- 
tionation  of  the  pigments  of  diatoms.  The  three  absorption  peaks  ap¬ 
pear,  in  methanol,  at  about  450,  590  and  635  m/x,  with  the  first  band  about 
ten  times  more  intense  than  the  other  two  (cf.  p.  623). 
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The  absorption  spectrum  of  the  “chlorophyll  d”  of  red  algae  als 
determined  by  Manning  and  Strain  (1943).  Since  this  investigate 
on  y  briefly  mentioned  in  Volume  I,  a  few  words  may  be  said  here  about 
this  newly  discovered  pigment.  Its  presence  is  revealed  by  a  bulge  on  the 
red  side  of  the  chlorophyll  a  band,  observed  in  the  spectra  of  methanol 
extracts  from  red  algae.  In  pure  chlorophyll  a  solution  in  methanol,  the 
ratio  of  extinction  coefficients  at  665  and  700  mM  is  90;  in  extracts  from 
twenty  red  algae,  this  ratio  was  between  15  and  65.  Short  extraction  leads 
to  products  with  even  lower  ratios ;  c.  g.,  two  minutes  extraction  of  Gigartina 
agardhii  gave  a  product  with  a  ratio  of  only  10:1.  Apparently,  chlorophyll  d 
is  much  more  easily  extracted  by  methanol  than  chlorophyll  a.  Chromato- 
graphic  purification  can  lie  used  for  the  preparation  of  pure  chlorophyll  d. 
Figure  21. 5D  shows  the  spectrum  of  this  pigment  in  methanol.  In  ethyl 
ether,  the  band  maxima  of  chlorophyll  d  lie  at  686  and  445  mg,  and  below 
395  nig. 

In  spectrum  as  well  as  in  solubility  and  other  chemical  properties, 
chlorophyll  d  resembles  chlorophyll  a  more  than  chlorophyll  h.  Careful 
search  for  chlorophylls  h  and  c  in  the  chromatograms  of  pigments  from  red 
algae  gave  negative  results  (the  upper  limit  for  the  content  of  chlorophyll  h 
is  0.3%  of  that  of  chlorophyll  a). 

The  isomerization  of  chlorophyll  d  was  mentioned  in  chapter  16  (Vol. 
I).  It  occurs  in  the  methanolic  solution  upon  standing  in  the  dark,  in  the 
presence  or  absence  of  air,  and  leads  to  three  new  pigments,  which  seem 
to  be  interconvertible.  They  were  designated  chlorophyll  d' ,  isochloro¬ 
phyll  d  and  isochlorophyll  d' .  The  spectra  of  the  components  d  and  d', 
respectively,  are  very  similar,  and  the  same  is  true  of  those  of  the  isomers 
iso-d  and  iso-d'.  The  latter  two  spectra  are  almost  identical  with  those  of 
the  chlorophylls  a  and  a'  ( cf .  fig.  21. 5E);  but  the  maximum  of  chlorophyll 
iso-d  and  iso-d'  lies  about  5  mg  further  toward  the  blue  (cf.  fig.  21.5  F). 
The  red  band  of  chlorophyll  d  (and  d')  lies  about  37  him  further  toward  the 
infrared  than  that  of  chlorophylls  a  and  a'  (cf.  fig.  21. 5F). 

Isochlorophylls  d  and  d'  are  not  found  in  fresh  extracts  from  algae. 
The  conversion  d  — >  iso-d  appears  to  lie  slower  than  the  conversions  d  — ♦  d' 
and  iso-d  — *  iso-d'. 

Four  interconvertible  pheophytins  with  different  spectra  were  pro¬ 
duced  by  the  action  of  acids  on  the  four  d-pigments;  but  successive  treat¬ 
ment  with  alkali  and  acid  led  to  spectroscopically  identical  products  for 
all  four  d-pigments.  These  products  are  distinct  from  the  compounds  ob¬ 
tained  by  a  similar  treatment  of  either  of  the  two  a-pigments.  1  able 
21. Ill  illustrates  the  relationships  between  the  six  pigments  a,  a',  d,  d', 
iso-d  and  iso-d'  and  their  transformation  products. 

The  main  absorption  band  of  the  hacteriochlorophyll  of  purple  bacteria 
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Table  21.  Ill 

Isomerization  and  Other  Reactions  of  Chlorophylls  d  and  a  n 


Hci,-8o®>^bo 
Pheophyfin  d  ^ 


CHjMgl 


KOH 


KOH 


Isopheophytin  d 
KOH 


KOH 


68lm^  698  rri/i  658  m/i  636  m/i 

CHjCOOH  CHjCOOH 


CHjCOOH 


672  m/i  691  m/i  660  m/i  672  m/i 


HCl 


HCI 


HCl 


HCI 


690  m/i 


°  After  Manning  and  Strain  (1943). 
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Isochlorophyll  d' 

Chlorophyll  a' 
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CHjMgl 


HCI 

Pheophyfin  a 
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KOH 


662  m/i  649  m /i 

CHjCOOH  CHjCOOH 

667  m/i  652  m/i 
HCI  I  HCI 
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667  m/i 


Fig.  21.6.  Relative  absorption  curve 
of  green  pigment  from  bacterium  Spi¬ 
rillum  rubrum  in  methanol  (after  French 
1937).  0.2  ml.  moist  cells  extracted  in 
the  dark  at  0°  with  5.2  ml.  absolute 
methanol  Extract  kept  in  dark  and 
measured  at  room  temperature  with 
very  weak  light.  A  similar  curve  was 
given  by  Vermeulen,  Wassink  and 
Reman  ( 1937)  for  alcoholic  extract  from 
Chromatium  (major  peak  at  790  m/i, 
minor  peaks  at  705,  600,  510,  470  and 
440  m/i). 
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l,eV", the  "eal;  mtlared  and  llas  “°t  yet  been  measured  precisely:  its  gen- 
eral  shape  ,s  shown  by  figure  21.0.  According  to  this  figure,  the  absorp- 
ioii  spectrum  oi  bactenochlorophyll  contains  three  main  bands— one  in  the 
m  rarcd  (r,0  mM  in  methanol,  shown  also  in  fig,  21.21),  one  in  the  ora,  ge 

ge622)U  iT  T  ''T  ''"‘'I  (~4°°  mM)'  0,,c  ma-v  assume  (of.  below 
I  •  ge  622)  that  the  two  latter  bands  are  analogous  to  the  red  and  the  blue- 
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V‘°'et  ,b“ndsi  of  chl°rophyU  <*,  respectively  (the  whole  system  having  been 
shitted  by  about  00  mM  toward  shorter  waves),  while  the  band  in  the  near 
infrared  has  no  analogue  in  the  spectrum  of  ordinary  chlorophyll. 

clarification  O?  i .  ba<=teriochlorophyll  band  needs  additional 

•  U1  interpretation  is  based  on  figure  21.6.  A  strong  band 

tram^th  TaVe  l‘de  f  ‘he  ma'n  red  band  is  also  recognizable  in  the  spec- 
.  of  bacteriopheophytin  as  observed  by  French  (fig.  21  21)  but  is 

situated  much  further  toward  the  green,  at  530  m„;  in  addition,  there  is  a 

weaker  band  at  680  mM  and  indications  of  a  still  weaker  one  at  about  630 

mg.  Dutch  observers  state  (see  page  702,  chapter  22)  that  “alcoholic 


Fig.  21.7.  Red  absorption  bands  of  al¬ 
coholic  extracts  of  (1)  green  alga,  Chlo- 
rella,  (2)  green  sulfur  bacteria,  and  (3)  a 
blue-green  alga,  Oscillatoria  (after  Katz 
and  Wassink  1939). 


Fig.  21.8.  Absorption  spectrum  of 
protochlorophyll  after  Rudolph  (1933) 
in  the  insert,  and  after  Koski  and  Smith 
(1948)  in  the  main  figure. 


extracts  from  purple  bacteria  show  only  one  absorption  maximum  at  774 
m/x,”  but  it  is  not  certain  how  wide  a  region  this  statement  is  supposed  to 
cover.  The  extract  absorption  curves  in  figures  21.30A  and  B  extend  only 
down  to  730-740  m/z. 

One  question  to  be  clarified  is  the  possible  contribution  to  the  ab¬ 
sorption  curves  of  bacteriochlorophylls  of  derivatives  analogous  to  chloro¬ 
phylls  b,  c  and  d.  The  existence  of  pigments  of  this  kind  was  suggested  by 
Seybold  and  Egle  (1939)  ( cf .  Vol.  I,  page  407),  who  gave  some  provisional 
figures  for  the  positions  of  their  absorption  bands. 

The  absorption  spectrum  of  bacterioviridin — the  pigment  of  green  bac¬ 
teria  {cf.  Vol.  I,  page  445) —  was  observed  by  Metzner  (1922)  and,  more 
recently,  by  Katz  and  Wassink  (1939).  Apparently,  it  is  very  similar  to 
that  of  chlorophyll  a.  Figure  21.7  shows  the  red  adsorption  band  in 
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alcoholic  extracts  from  Chlorella  (green  alga),  Chlorobium  limicola  (green 
bacteria)  and  Oscillatoria  (blue  alga).  The  difference  between  the  curves 
1  and  3  can  be  attributed  to  the  absence  of  chlorophyll  b  in  blue  algae; 
while  the  larger  difference  between  the  curves  3  and  2  indicates  a  chemical 
distinction  between  chlorophyll  a  and  bacterioviridin.  The  absorption 
peak  of  the  latter  pigment  in  ethanol  lies  at  668  m/i,  while  that  of  the  former 
one  is  situated  at  about  662  mg. 

The  absorption  spectrum  of  protochlorophyll  (from  squash  seeds)  was 
described  by  Noack  and  Kiessling  (1929,  1930,  1931)  as  well  as  by  Rudolph 
(1933),  Seybold  (1937)  and  Koski  and  Smith  (1948).  The  long-wave 
bands  are  listed  in  Table  21. IV;  the  whole  spectrum  is  shown  in  figure 
21.8. 


Table  21.IV 

Absorption  Bands  of  Protochlorophyll 


In  chloroform-pyridine 

In  ether 

Noack  and  Kiessling 

Rudolph 

Seybold  (1937) 

(1929,  1930) 

(1933) 

Component  a 

Component  b 

Order 

Order 

Order 

X,  m/j 

of 

intensi- 

X,  m/t 

X,  mp 

of 

intensi- 

X,  m/d 

of 

intensi- 

ties 

ties 

ties 

641-621 

1 

621 

650-620 

1 

645-632 

3 

582-567 

(602) 

620-603 

3 

632-605 

1 

2 

571 

592-572 

2 

620-605 

4 

540-521 

572-555 

5 

587-570 

2 

3 

536 

545-530 

4 

545-520 

5 

<480 

— 

<500 

3.  Relation  between  Absorption  Spectrum  and  Molecular  Structure 

of  Porphin  Derivatives 

To  understand  the  role  of  chlorophyll  in  photosynthesis,  it  would  be 
important  to  have  a  detailed  knowledge  of  the  nature  of  the  lowest  excited 
state  of  the  chlorophyll  molecule,  since  sensitization  must  be  due  to  the 
interaction  of  chlorophyll  in  this  excited  state  with  the  primary  sensitiza¬ 
tion  substrate  or  substrates  (e.  g.,  with  the  CCVacceptor  complex  {C021 
or  with  the  oxidant  {H2Oj ;  cf.  Vol.  I,  chapter  7).  If  this  interaction  is  in 
the  nature  of  a  reversible  oxidation-reduction  (which  is  probable)  analysis 
o  the  nature  of  the  excited  state  may  permit  conclusions  as  to  the  type  of 
oxidations  (or  reductions)  most  likely  to  be  involved.  Theoretical  analv- 
o  porphin  spectra  was  initiated  too  late  for  use  in  the  following  discus- 
7i°oAa7hoCh  1S  baSet  °n  emPirical  relationships  only.  The  papers  by  Kuhn 
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Fig.  21.0.  Absorption  spectrum  of  porphin  (after  Stern, 
Wenderlein  and  Molvig  1930). 


a 


green  X  red 

Fig  21  10.  Typical  spectra  of  porphin  derivatives  above  500  mu  (not  showing  the 
strongest  band,  at  420  mM)  (after  Stern  1938).  0  ,  2,  3)  porphyrin  spectra;  (4.  5) 

chlorin  spectra;  (0)  bacteriochlorin  spectrum. 
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The  conjugated  double  bond  system  of  porphin  (which  is  the  basic 
structure  of  all  chlorophyll  pigments  as  well  as  of  the  porphyrins)  is  a 
chromophore,  capable  of  producing  strong  absorption  bands  in  the  visible 
and  near  ultraviolet.  This  is  illustrated  by  the  absorption  spectrum  of  the 
parent  substance  of  the  group,  porphin  ( cf .  fig.  21 .9).  This  spectrum  has  a 
typical  pattern  of  four  bands  between  480  and  700  mM,  generally  increasing 
in  intensity  toward  the  violet,  but  with  the  third  band  from  the  red  ueakei 
than  the  second  one.  Stern  and  Wenderlein  (1936)  called  this  pattern  the 
“phyllo  type”  (fig.  21.10,  3);  it  is  exhibited  by  many  porphyrins.  Other 


Electronic 


Fig.  21.11.  Interpretation  of  porphin 
spectrum  in  terms  of  transitions  from  the 
ground  state,  X,  to  two  excited  electronic 
states  A  (vibrational  states  A0,  Al}  A2, 
A3...)  and  B. 


WAVE  LENGTH, 


Fig.  21.12.  Spectroscopic  effect 
of  transition  from  the  porphin  to 
the  dihydro  porphin  (chlorin)  sys¬ 
tem  (in  dioxane)  (after  Stern  and 
Wenderlein  1935). 


porphyrins  have  similar  four-band  spectra  with  a  somewhat  different  dis¬ 
tribution  oi  intensities;  these  are  called  by  Stern  the  “etio  type”  and  the 
“rhodo  type”  (fig.  21.10,  1  and  2).  Compounds  of  these  three  types  trans¬ 
mit  freely  m  the  red;  their  color  is  red  or  purplish,  hence  the  name  “por- 
phyrm. 

In  addition  to  the  series  of  bands  shown  in  figure  21.9  and  21  10  all 
porplnn  derivatives  have  the  so-called  “Soret”  band  in  the  blue-violet  (simi- 
ar  to  the  blue-violet  band  of  chlorophyll).  The  distances  between  the  four 
bands  m  the  green,  yellow  and  red  are  such  as  to  make  plausible  their  in- 
rpre  ation  as  vibrational  bands,  corresponding  to  a  common  electro, do 

soondsT  ’  d  ff  '  7  llue"Vlolet  band  sta'«ls  apart  and  probably  corre- 
.  ponds  to  a  different  electronic  excitation  (cf.  Table  21.V  and  fig'  21  11) 

The  porphin  spectrum  undergoes  a  far-reaching  change  (cf.  spectra 
aU  m  fig'  21'10)  upon  thc  hydrogenation  of  one  pyrrole  nucleus,  i  e 
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upon  the  transition  from  the  prophin  system  to  the  dihydroporphin  ( chlorin 
or  rhodin )  system.  (“Rhodins”  are  chlorins  derived  from  chlorophyll  6; 
cf •  page  447,  Vol.  I.)  Chlorins  are  green  (as  their  name  implies)  and  this 


Table  21. V 
Porphin  Bands 


X  (mu) 

613 

560.5 

517.5 

487 

430 

v  (cm.-1) 

10300 

17820 

19300 

20530 

23260 

Av  (cm.-1) 

1520  1480  1230  (2730) 

indicates  strong  absorption  in  the  red,  as  well  as  in  the  blue  and  in  the  violet, 
and  transparency  in  the  middle  of  the  visible  spectrum.  Figure  21.12 
shows  the  spectrum  of  a  compound  of  the  etio  type,  chloroporphyrin- 
e4  dimethyl  ester,  together  with  that  of  its  hydrogenation  product,  chlorin- 
e4  dimethyl  ester.  While  the  bands  in  green  and  yellow  appear  weakened 
and  displaced  toward  shorter  waves  in  consequence  of  hydrogenation,  a 
new  and  very  intense  band  arises  in  the  red  (at  about  660  niju),  which  com¬ 
pletely  overshadows  all  the  other  bands  of  the  orange-yellow  system  (its 
intensity  is  about  equal  to  that  of  the  blue-violet  band,  not  shown  in  fig. 
21.12).  The  hydrogenation  of  a  second  pyrrole  nucleus,  which  is  charac¬ 
teristic  of  bacteriochlorophyll  and  other  derivatives  ol  tetrahydroporphin 


(cf.  Vol.  I,  page  447),  causes  a  renewed  transformation  of  the  spectrum 
(fig.  21.10,  6).  As  stated  on  page  617  (cf.  fig.  21.6),  the  strongest  band  ol 
bacteriochlorophyll  is  situated  in  the  near  infrared.  According  to  Stern 
and  Pruckner  (1939)  the  “bacterio”  type  bands  in  the  visible  region  (red, 
yellow  and  green)  are  generally  weaker  (with  the  notable  exception  of  one 
comparatively  strong  green  band),  and  situated  at  shorter  waves  than 
the  corresponding  bands  of  the  chlorin  type.  It  thus  seems  that  the  ef¬ 
fect  of  the  second  hydrogenation  is  similar  to  that  of  the  first  one,  i.e., 
the  majority  of  the  previously  existing  bands  (at  least,  of  those  in  the  region 
above  450  mM)  are  weakened  and  shifted  toward  the  violet,  while  a  new  band 
of  dominant  intensity  arises  at  the  long-wave  end  of  the  spectrum  We 
made  use  of  this  interpretation  on  page  618,  when  we  suggested  that  the 
orange  (rather  than  the  infrared)  band  of  bacteriochlorophyll  be  considered 
as  analogous  to  the  red  band  of  ordinary  chlorophyll  (see  also  page  631). 

The  rule  that  the  dominant  red  or  infrared  band  in  the  absoiption 
spectrum  of  porphin  derivatives  is  associated  with  the  presence  of  one  or 
two  hydrogenated  nuclei  may  be  very  significant  from  the  point  o  vie\  o 
the  mechanism  of  the  photosensitizing  action  of  chlorophyll  and  badeiio- 
chlorophyll,  and  it  is  therefore  important  to  mention  some  apparent  excep¬ 
tions  to  this  rule.  One  such  exception  was  mentioned  on  page  619 
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protochlorophyll,  a  green  compound  which,  according  to  H.  Fischer  (c/. 
Vol.  I,  page  445),  nevertheless  is  a  prophyrin  rather  than  a  chlorin  or  phor- 
bin.  The  spectrum  of  protochlorophyll  (c/.  fig.  21.8  and  Table  21. IV) 
does  not  show  the  predominance  of  the  red  band  over  the  bands  in  \ellow 
and  green  to  the  same  extent  as  do  the  typical  spectra  of  dehydro-  or  tetra- 
hydroporphin  derivatives;  but  it  resembles  these  spectra  somewhat  more 
than  it  does  the  typical  porphyrin  spectra  in  figure  21.10.  A  re-examina- 
tion  of  the  structure  of  the  protochlorophyll  molecule  is  therefore  desirable. 
It  is  noteworthy  that  “protopheophytin,”  obtained  from  protochlorophyll 
by  the  action  of  acids,  was  found  to  have  a  typical  porphyrin  spectrum. 

A  similar  case  is  presented  by  chlorophyll  c.  As  stated  on  p.  614, 
this  pigment  has  an  arrangement  of  bands  similar  to  those  of  the  chloro¬ 
phylls  a  and  b,  but  the  red  band  is  very  weak  compared  to  the  Soret  band ; 
in  fact,  the  spectra  of  chlorophyll  c  (insert  in  fig.  21.5C)  and  protochloro¬ 
phyll  (fig.  21.8)  are  extremely  similar.  It  is  therefore  significant  that 
Granick  concluded,  from  chemical  evidence,  that  chlorophyll  c,  too,  is  a 
porphin  rather  than  a  chlorin  derivative  ( cf .  chapter  37). 

Another  interesting  problem  of  the  same  character  was  raised  by  an 
investigation  of  Aronoff  and  Calvin  (1943).  They  prepared  (by  condensa¬ 
tion  of  benzaldehyde  with  pyrrole)  several  compounds  that  they  interpreted 
as  isomeric  hexaphenylporphins.  Some  of  these  compounds  had  porphyrin 
spectra  of  the  “etio  type”  (fig.  21.10,  1),  but  others  had  spectra  with  a  pre¬ 
dominant  sharp  band  in  the  red  (fig.  21.13,  curve  B).  The  authors 
thought  at  first  that  these  green  isomers  may  contain  one  pyrrole  nucleus 
turned  around,  placing  its  N  atom  on  an  outside  corner. 

Rabinowitch  (1944)  suggested  they  could  perhaps  be  interpreted  as 
chlorins :  Chlorins  isomeric  with  hexaphenylporphin  could  be  formed,  e.  g., 
by  attachment  of  one  phenyl  group  to  a  pyrrole  nucleus,  and  shifting  of  the 
two  liberated  hydrogen  atoms  to  another  pyrrole  nucleus,  thus: 


Tetrophenylporphin 


Tetraphenylchlorin 
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Subsequently,  Calvin,  Ball  and  Aronoff  (1943)  found  indications  that 
the  two  “isomers’’  whose  spectra  are  shown  in  figure  21.13  actually  belong 
to  two  different  reduction  levels  of  the  porphin  system.  Thus,  in  this  case 
at  least,  the  dominant  red  band  was  confirmed  as  an  indicator  of  partial 
hydrogenation. 


No  such  explanation  can  as  yet  be  given  to  another  observation  of 
\ronoff  and  Calvin— that  addition  of  hydrochloric  acid  to  tetraphenylpor- 
phin  solutions  with  spectra  of  the  etio  typejause,  a  reve^,  ,on 

tSZ  <L  mm.  <.  ta”  *I» — mm.  mmrn 

as  does  the  addition  of  two  hydrogen  atoms.  If  this  >s  true,  the  problem  of 
the^spectroscopic  difference  between  prophins  and  chlorine  becomes  cognate 
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to  the  problem  of  acid-base  color  changes  (concerning  the  latter,  see 
Epstein,  Karush  and  Rabinowitch  1941,  and  Lewis  and  Bigeleisen  1943). 

According  to  Pruckner  (1942),  imidoporphyrins  (which  differ  from  por- 
phin  derivatives  by  the  substitution  ol  an  XII  group  for  a  bridge  carbon) 


also  have  a  strong  absorption  band  in  the  red.  She  suggested  that  the 

symmetry"  tuth  ^  t“  *e“eraJ,3r  aS30ciated  "Hh  increased  molecular 
nvr^f  i  f  “  qU'te  clear  wl>y  hydrogenation  of  one  or  two 

°f  NH  g‘OUP8  f°r  °  shoukl  lead  to 
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The  “chlorin  type”  spectrum  remains  almost  unaffected  by  all  trans¬ 
formations  leading  from  the  parent  substance  chlorin  to  chlorophyll  a. 
This  is  in  accordance  with  general  experience  as  far  as  the  introduction  of 
methyl  and  ethyl  groups  is  concerned.  It  is  noteworthy,  however,  that 
the  introduction  of  an  unsaturated  (vinyl)  substituent  in  nucleus  I  also 
causes  only  a  slight  shift  of  the  bands,  as  illustrated  by  figure  21.15.  In 
other  words,  a  difference  of  two  hydrogen  atoms  in  a  side  chain  is  almost 
without  influence  on  the  spectrum,  while  a  similar  difference  in  the  nucleus 
has  a  strong  effect. 

The  spectroscopic  effect  of  carboxyl  groups  in  chlorophyll  also  is  small. 
The  alcohols  esterifying  these  carboxyls  have  a  certain  influence  on  the 


Fig. 


21.15.  Effect  of  vinyl  group  on  chlorin  spectrum  in  th- 
oxane  (after  Stern  and  Molvig  1937). 


intensity  of  the  absorption  bands  (but  none  on  their  position) :  1  he  shorter 

the  alcohol,  the  sharper  the  absorption  peak.  As  an  example,  figure  21.1b 
shows  the  extinction  curve  of  phytyl  pheophorbide  (pheophytm),  together 

with  that  of  methyl  pheophorbide.  .  .  , 

It  is  further  noteworthy  that  closure  of  the  carbocychc  ring,  i.  e  the 
transition  from  chlorin  to  phorbin,  also  hardly  affects  the  spectrum  at  all, 
as  shown  by  figure  21.17.  The  carbonyl  group  in  nucleus  IT,  whose  pres¬ 
ence  distinguishes  chlorophyll  b  an, l  its  derivatives  from  the  enrrespondmg 
compounds  of  the  a  series,  has  a  much  stronger  effect  on  the  spectn i. 
The  two  chlorophylls  have  distinctly  different  colors-one  blue-green  and 
UhT other  yellow-green.  Figure  21.1  shows  that  this  difference  is  caused  by 


SPECTRUM  AND  STRUCTURE  OF  PORPIIIN  DERIVATIVES 


027 


different  positions  of  the  blue-violet  bands:  That  of  chlorophyll  a  is  con¬ 
fined  to  the  violet  and  ultraviolet  regions,  allowing  free  transmission  of  blue 
light,  whereas  the  absorption  peak  of  the  b  compound  is  situated  in  the 
blue,  so  that  this  compound  transmits  only  green  light.  The  arrangement 
of  the  weaker  bands  in  the  middle  of  the  visible  region  is  also  affected  by 
the  carbonyl  in  position  5,  to  such  an  extent  that  Stern  classified  the  spectra 
of  chlorophyll  l>  and  its  derivatives  as  a  separate  “rhodin”  type  (fig.  21.10, 
5)  distinct  from  the  “chlorin”  type  (fig.  21.10,  4). 


Fig.  21.16.  Effect  of  esterification  on 
chlorin  spectrum  (after  Stern  and  Mol- 
vig  1937). 


Fig.  21.17.  Effect  of  closure  of  car- 
bocyclic  ring  (transition  chlorin  ->■ 
phorbin)  on  chlorin  spectrum  in  di- 
oxane  (after  Stern  and  Wenderlein 
1935). 


ring  On  noSiionCQ(  hny  g'°"P  °f  Ch,0r0p,1'Vl1’  ‘he  one  in  the  carbocyclic 
derivatives^ This  ’i  TL°  Pr?n°lmced  *"*•«<»  on  ‘he  spectrum  of  chforin 
group  in  a  similar  **”*“"  °f  I"****  a  carbonyl 

Stern  (cf.  Fischer  and  Stern  1940  p  ^e  34-  *°  t  ?nmderablc  deSree- 

this  difference  based  on  Fisehn  P  ^  343^ . suggested  an  explanation  of 

drogen  atoms  io  nude™  III  Bv  tTi  °f‘he  tWO  «**  hy- 

m  position  9  was  removed  from  coni..  *  ‘*S!,lgnrn™t’  the  C=0  double  bond 

molecule  (cf.  Volume  I,  page  441)  wd'thi*1' '  °‘her  double  bonds  in  the 

’  '  ^  w>’  and  thls  could  explain  why  its  effect 
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on  the  spectrum  is  less  pronounced  than  that  of  the  conjugated  C=0  bond 
in  position  3.  As  stated  on  page  441,  Volume  I,  Fischer  later  concluded 
from  chemical  degradation  experiments  that  the  two  extra  hydrogen  atoms 
are  located  in  nucleus  IV.  A  certain  difference  between  the  conjugation  in 
nuclei  II  and  III  exists,  however,  also  in  the  latter  structure  (formula  A, 
page  608) — namely,  the  double  bond  3-4  in  nucleus  II  is  part  of  the  all¬ 
round  “aromatic”  ring  system,  while  the  double  band  5-6  in  nucleus  TIT  is 


Fig.  21.18.  Effect  of  magnesium  on  a  porphin  spectrum  (in 
dioxane)  (after  Stern  and  Wenderlein  1936). 


merely  in  “one-sided”  conjugation  with  this  system.  In  structure  B,  on 
the  other  hand,  bond  5-6  is  part  of  the  all-round  conjugated  system,  and 
bond  3-4  is  in  one-sided  conjugation.  Finally,  in  structure  C,  both  bonds, 
3-4  and  5-0,  participate  in  all-round  conjugation.  Thus,  a  difference  e- 
tween  the  chromophoric  effects  of  carboxyls  in  nuclei  II  and  HI  appears 
plausible  in  structures  A  and  B,  but  not  in  structure  C.  We  note  further 
that,  according  to  Stern  and  Pmckner  (1939),  a  carbonyl  group  in  nucleus 
I  also  has  no  strong  effect  on  the  spectrum,  This  indicates  that, 
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spect  to  conjugation,  the  role  of  nucleus  I  is  similar  to  that  of  nucleus  III 
and  this  points  to  structure  13  as  the  true  structure  of  chlorophyll,  in  prefer¬ 
ence  to  structure  A,  advocated  by  Fischer  (page  443).  (As  mentioned  on 
page  444,  Vol.  I,  structure  B  also  has  the  advantage  of  providing  a  direct 
link  to  bacteriochlorophyll.) 

If  this  interpretation  of  the  spectroscopic  data  is  correct,  it  means 
that  the  introduction  of  a  carbonyl  group  has  a  stronger  effect  on  the  spec- 


Fig.  2 1.1 9 A.  Effect  of  porphin  — ►  chlo- 
rin  transition  on  the  visible  and  ultraviolet 
spectrum  (after  Hagenbach,  Auerbacher 
and  Wiedemann  1936). 


Fig.  21.19B.  Extinction  curves  of 
chlorophyll  and  pheophorbides  in  the 
visible  and  near  ultraviolet  (after 
Hagenbach,  Auerbacher  and  Wiede¬ 
mann  1936). 


tram  if  this  group  comes  into  conjugation  with  a  C=C  bond  which  is 
merely  in  one-sided  conjugation  with  the  “aromatic”  system  than  if  it  is 
attached  directly  to  the  latter  system.  '  ‘ 

t,  ,knm>dUcti0ni0f  m2gnedum  int0  the  molecule  (transition  from  phorbin 
hand  ^  "l  fhaS  !heeffect  of  enhancing  further  the  main  red  absorption 
and,  and  of  weakening  the  bands  in  the  green,  as  illustrated  by  figure  21  18 

”br  * 
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violet  and  ultraviolet  all  show  the  same  pattern.  As  pointed  out  by  Stern 
(1939),  neither  the  transition  from  porphin  to  chlorin  nor  the  introduction 
of  magnesium  has  much  effect  on  the  intensity  of  the  blue-violet  absorption 
band.  This  is  shown  by  figures  21. 19 A  and  B.  The  blue-violet  band  is 
shifted  by  hydrogenation  toward  shorter  waves,  but  suffers  no  appreciable 
change  of  intensity. 

Comparison  of  figure  2 1.19 A  and  B  shows  that,  while  both  magnesium 
and  the  extra  hydrogen  atoms  enhance  the  main  red  absorption  band, 
these  two  substituents  have  antagonistic  effects  on  all  the  rest  of  the  spec¬ 
trum,  below  GOO  m/x. 

4.  Some  Theoretical  Remarks  on  the  Spectrum  of  Chlorophyll 

(a)  The  Term  System 

In  section  3  ( cf .  fig.  21.11)  we  interpreted  the  four  absorption  bands  of 
porphin  in  yellow  and  green  as  vibrational  bands  belonging  to  the  same  band 
system  (electronic  transition  X  — >  A).  A  similar  interpretation  has  been 
suggested  by  Prins  (1934)  for  the  bands  of  chlorophyll  in  the  red,  orange, 
yellow  and  green;  it  is  made  plausible  by  the  magnitude  of  the  Ap  values 
given  in  Table  21. VI.  {cf.  the  infrared  absorption  frequencies  in  Table 
21. 1 1  A).  The  blue-violet  and  the  two  ultraviolet  bands  are  best  inter¬ 
preted  as  separate  electronic  transitions. 


Table  21. VI 


Chlorophyll  a  Bands 


X  (niju) 
v  (cm.-1) 

660 

15100 

612.5 

16300 

572.5 

17500 

527.5 

18900 

497.5 

20100 

427.5 

23400 

375 

26700 

325 

30800 

Av  (cm.-1) 

1200  1200  1400  1200  (3300)  (3300)  (4100) 

According  to  this  interpretation,  the  term  scheme  of  figuie  21.11 
could  apply  also  to  chlorophyll .  However,  instead  of  a  (more  or  lessUini- 
form  change  in  probability  in  the  series  of  transitions  X  ^  Ao,  A  a, 
X  -»  A,  (as  revealed  by  a  gradual  increase  in  intensity  of  the  corresponding 
bands  in  porphin  and  its  derivatives),  one  would  have  to  postulate  in  the 
case  o  chlorophyll  a  predominant  probability  of  the  transition  X  -*  A. 
(to  account  for  the  outstanding  intensity  of  the  first  absorption  band  a 
600  mg).  Furthermore,  the  relationship  between  the  spectra  of  porph 
and  dihvdroporphins,  illustrated  by  figure  21.12,  suggests  a  shift  of  the 

7x rption  band  of  the  porphins  must  be  interpreted  as 
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X  -»  At,  and  the  band  X  -»  A0  must  be  considered  missing  because  of  low 
intensity.  However,  this  interpretation  is  made  untenable  by  the  observa¬ 
tion — to  be  discussed  in  chapter  23 — that  both  in  porphins  and  in  dihydro- 
porphins  the  main  fluorescence  bands  are  close  to  the  first  absorption  band 
in  the  red — whether  this  band  is  the  weakest  of  all  absorption  bands,  as  in 
porphin,  or  the  strongest  one,  as  in  chlorophyll.  This  shows  that  in  both 
cases,  the  first  observed  absorption  bands  lead  to  the  vibration-free  upper 
level  A0.  If  the  first  absorption  band  of  porphin  were  X  — »  At  (as  tenta¬ 
tively  suggested  above),  we  would  expect  to  find  the  main  fluorescence 


l  ig.  21.20.  Hypothetical  term  system  of  the  chlorins. 
Band  A  — ►  Aa  is  submerged  by  band  X  — ►  Yi. 


band  some  distance  toward  the  red  from  it— in  the  approximate  position  of 
the  “invisible”  Ar  — >  A0  absorption  band  (Rabinowitch  1944). 

Since  this  is  not  the  case,  an  alternative  hypothesis  must  be  considered 
It  is  represented  in  figure  21.20,  and  suggests  that  the  hydrogenation  of 
one  pyrrole  nucleus  creates  a  new  low  electronic  excitation  state  Y,  situated 
a  ittle  tower  than  the  level  A0,  “inherited”  from  the  non  hydrogenated 
system.  Figure  21.12  makes  one  suspect  that  the  second  chlorin  band 
612.5  m/i  in  chlorophyll),  which  is  stronger  than  the  corresponding  band 
n  nonhydrogenated  compound,  may  also  belong  to  the  system  X  Y 

nndT"  1  .  th,S,System’  X  -  U,  •  •  ■ ),  and  that  it  masks  the  weak 

nanci  a  A  0.  A  similar  interpretation  can  he  suggested  for  the  infra- 

We  e^altte Xh'rPhy"  an;‘  °tHer  ^M^orphin  de“S: 
an  attribute  the  strongest  infrared  band  of  bacteriochlorophyll  (fig. 

phyl.'^That^t^TTpd  vy.the,  SIZT  °f  Protochlor°Pliyll  and  chloro- 
enhanced  by  the  latter  Or0  hydro*e“««".  but  is  strongly 
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21.6)  to  a  new  electronic  transition,  X  — >  Z,  added  (in  consequence  of  the 
hydrogenation  of  a  second  pyrrole  nucleus)  to  the  three  transitions  X  — >  Y, 
X  — >  A  and  Ar  — »  B  present  in  the  spectrum  of  chlorophyll.  Simultane¬ 
ously  with  the  creation  of  a  new  excited  electronic  level  Z,  the  “old”  levels 
Y,  A  and  B  are  shifted  upward,  thus  accounting  for  the  “violet  shift” 
of  all  bacteriochlorophyll  bands  “inherited”  from  chlorophyll.  The  in¬ 
frared  band  X  — >  Z  dominates  the  spectrum  of  bacteriochlorophyll  to  an 
even  greater  degree  than  the  red  band,  X  — »  Y,  dominates  the  visible  spec¬ 
trum  of  ordinary  chlorophyll. 


Fig  21  21.  Absorption  spectrum  of  bacteriopheophytin  h°m 
Spirillum  rubrum  (after  French  1940).  Specific  absorption  cocf- 
ficients,  c,  in  mg./l.,  d  in  cm. 

Since  the  absolute  extinction  coefficients  of 

(fig.  21.6  gives  only  the  optical  densities),  1 .  w  no  ce  ^  relatively  low  intensity 

of  the  770  m/x  band  is  Gf  Iwteriopheopkytin  was  given  by 

of  the  other  bands.  A  specific  extinttio  It  ghoWS  that  the 

French  in  a  later  paper  (1940),  anil  is  reproduce,  m  figu* t.  2 1 .  - 

molar  absorption  coefficient  of  bacteriopheophytin  (in  methanol)  .caches 
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in  the  maximum  of  the  orange  band,  while  the  infrared  peak  is  almost  exactly  twice  as 
high.  According  to  figure  21.16,  the  maximum  absorption  coefficient  of  ordinary  pheo- 
phytin  a  in  the  red  is  about  4.2  X  104  (in  dioxane,  where  the  peaks  are  usually  sharper 
than  in  methanol).  It  thus  seems  that  the  dominant  position  of  the  infrared  band  is 
due  both  to  its  own  outstanding  intensity  and  to  the  comparative  weakness  of  all  other 
bands. 


The  addition  of  a  new  low  elect  ronic  level  in  consequence  of  each  hydro¬ 
genation  step  of  the  porphin  system  offers  an  interesting  problem  for  theo¬ 
retical  discussion.  Offhand,  one  would  expect  increased  saturation  to  de¬ 
crease  rat  her  than  to  increase  the  number  of  excited  electronic  states. 

If  the  red  bands  of  dihydroporphin  (and  the  infrared  bands  of  tetra- 
hydroporphin)  are  brought  about  (or  enhanced)  by- the  presence  of  electrons 
associated  with  the  additional  carbon-hydrogen  bonds,  it  seems  plausible 
that  light  could  specifically  activate  the  “extra”  hydrogen  atoms.  This 
would  make  excited  chlorophyll  (or  bacteriochlorophyll)  an  effective 
hydrogen  donor — a  property  which  may  be  of  decisive  importance  for  the 
photochemical  function  of  this  pigment.  In  Volume  I  (chapter  19,  pages 
552-554)  the  primary  photochemical  oxidation  of  chlorophyll  was  dis¬ 
cussed  as  a  possible  mechanism  of  sensitization  in  photosynthesis.  This 
hypothesis  would  gain  considerably  in  plausibility  if  it  could  be  proved  that 
absorption  of  light  actually  activates  chlorophyll  as  a  hydrogen  donor. 
The  effect  of  light  on  the  chlorophyll-ferric  iron  equilibrium  (c/.  Vol.  I, 
page  488)  is  the  only  observation  at  present  that  lends  experimental  sup¬ 
port  to  the  concept  of  chlorophyll  as  a  light-activated  reductant. 

•  ,(1936)  thou£ht  that  the  excitation  of  chlorophyll  by  light  activates  especially 

its  odd  hydrogen  atom  in  position  10. 

Studies  by  Krasnovsky  (c/.  chapter  35)  indicate  the  capacity  of  chloro¬ 
phyll  to  act  also  as  a  light-activated  oxidant. 


(' b )  Life-Time  of  the  Excited  Stales  of  Chlorophyll 


1  he  natural  life-time  of  the  state  Y  can  be  calculated  from  the  integral 
area  of  the  red  absorption  band  X0  F0. 


Uk°  ,T  !‘ccou'"  als°  the  Probabilities  of  transitions 

*■  successive  bit  w  °  “ 

cerned  here  with  orders  of  magnitude  only.  g'  ’’  Ut  We  are  con' 

this  integration,  obtained  for  the  number  of 
charge'e That  T/lT  ’  !he  number  of  harmonic  oscillators  with  the 
cording  to  classical  el^tromagnetic  theoryT^  ~ 
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(21.1) 


\  0.24  per  molecule  chlorophyll  a  (in  ethanol) 
\  0.22  per  molecule  chlorophyll  b  (in  ethanol) 


In  the  quantum  theory,  /  is  the  measure  of  the  transition  probability 
between  the  states  Ar0  and  F0;  and  the  reciprocal  of  the  transition  probabil¬ 
ity  is  the  mean  life-time,  t,  of  the  excited  state  (as  far  as  the  latter  is  limited 
only  by  the  fluorescent  transition  F0  — »  X0).  The  relation  between  /  and 
t  is: 


(21.2) 


3  me2  1  _  1.96  X  10~8 
T  ”  8  X  e2x2  X  /  / 


where  m,  c,  e  and  w  have  the  usual  meaning.  The  theoretical  mean  life¬ 
time  of  chlorophyll  molecules  in  the  lowest  excited  state  (reached  by  ab¬ 


sorption  of  red  light)  is  therefore: 

t  8.2  X  10~8  sec.  for  chlorophyll  a  (in  ethanol) 

(2L3)  t  =  |g9  x  10-8  sec.  for  chlorophyll  b  (in  ethanol) 

i 

The  higher  intensity  of  the  blue-violet  absorption  band  (particularly  in 
chlorophyll  b)  indicates  that  the  natural  life-time  of  the  excited  state  B, 
is  somewhat  shorter  than  that  of  state  Y — probably  5  X  10  8  sec.  or  less. 


The  actual  life-times  of  chlorophyll  in  states  B  A  and  are  1 

shorter  than  the  “natural”  life-times.  Tins  ,s  md.cated  *  1  e  co« 
absence  of  fluorescence  originating  in  the  levels  B  and  .4  and  the 

r X  (WitlTt'he  natural  life-trme  of  5  X 
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10-8  sec.,  energy  dissipation  within  5  X  10-12  sec.  would  reduce  the  yield 
of  fluorescence  to  <0.01%  and  thus  make  it  practically  unobservable.) 

Similar  considerations  apply  to  state  A.  The  ease  with  which  states 
A  and  B  are  transformed  into  state  Y  (as  shown  by  the  excitation  of  red 
fluorescence  with  yellow  or  blue  light,  cf.  page  748)  indicates  that  the  po¬ 
tential  energies  of  states  A,  Y  and  B  (plotted  against  some  appropriate 
“configuration  co-ordinate”)  give  curves  of  the  type  shown  in  figure  21.22. 
At  point  M,  the  electronic  excitation  energy  of  state  B  is  easily  transformed 
into  the  (smaller)  electronic  excitation  energy  of  state  Y,  plus  a  large 
amount  of  vibrational  energy. 

The  yield  of  red  fluorescence  of  chlorophyll  in  solution  is  of  the  order  of 
10%  (cf.  chapter  23).  This  shows  that  the  actual  life-time  of  state  Y  in 
solution  is  of  the  order  of  one  tenth  of  the  above  calculated  “natural”  life¬ 
time,  i.  e.,  about  5  X  10~9  sec.  The  various  “quenching”  processes  that 
may  contribute  to  this  shortening  of  the  life-time  of  excited  molecules  will 
be  discussed  in  chapter  23  (page  755). 


B.  Influence  of  Medium  on  Absorption  Spectrum  of 
Chlorophyll  and  Bacteriochlorophyll* 

\\  e  have  spoken  so  far  of  the  absorption  spectra  of  chlorophyll  and  its 
derivatives  in  solution  as  though  they  were  determined  only  by  the  chemi- 
( al  stiucture  of  these  compounds.  However,  the  absorption  spectra  also 
are  affected  by  changes  in  the  nature  of  the  solvent,  and  even  more  strongly 
by  adsorption  on  solids,  or  by  the  formation  of  colloidal  aggregates.  These 
spectroscopic  changes  are  caused  by  interaction  between  the  light-absorbing 
molecules  and  their  neighbors.  Kundt  had  noticed  as  early  as  1878  that 
the  absorption  bands  of  many  dyestuffs  are  shifted  toward  longer  waves 
W'th  increasing  refractiyity  of  the  solvent.  This  relation  appears  plausible 
.  the  light  of  London  s  theory,  which  establishes  a  connection  between 

iTreslT  iT  mole"llef  t0  refract  W't  and  the  intensity  of  intermolecular 
os  both  properties  being  determined  by  polarizability  of  the  molecules. 
1  arallelism  between  molecular  attraction  and  polarizability  presumes 

lCletr  LfT'  'a‘  °r  PhySiCa'  f°rCeS  betW™  the  ^interacting 

if—  o-rr  “is:  sss  sars  a 

<>■■■; »  .l»«.lc».  „i„  mS  *” 

*  Bibliography,  page  669. 
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London’s  theory  of  molecular  attraction  predicts  that  solvents  with  a 
high  refractive  index  (i.  e.,  strong  polarizability)  should  exercise  strong  at¬ 
traction  on  solute  molecules,  thereby  causing  considerable  deformation  of 
their  electronic  systems  and  considerable  shifts  of  their  energy  levels. 
The  direction  of  the  resulting  displacement  of  the  absorption  bands  depends 
on  the  comparative  polarizability  of  the  solute  molecules  in  the  ground 
state  and  in  the  excited  state.  Figure  21.23  shows  that  the  excitation 


Fig 


energy  of  a  bound  {e.  g.,  solvated)  molecule,  hvs ol.,  is  related  to  that  oi  the 
free  molecule,  hv ,  by  the  equation. 

(2i.4)  hv soi.  =  hv  +  S  -  S*  =  hv  +  AS 

where  AS  is  the  difference  between  solvation  energies  of  the  normal  and  the 
wne  \  ,  ,  Tf  <  0  t  «  if  the  excited  molecule  is  attracted 

excited  molecule.  11  Ao  <  u,  i.  e.,  n  c  .  i,  than  hv 

by  the  solvent  more  strongly  than  the  normal  one,  hv  y is  sma  er  thar 

S  have  a  ^setdectronic Structure  and  are  therefore  more  eastly 
polarizable  than  the  normal  ones. 

Figure  21.23  shows  that  equation  (21.4)  is  only  correct  if  the  ^ger 

,  .  j  .•  i  TW.  iU  t  generally  be  thecase  (r*  is  likely  to  De  somev 

equation  for  the  ‘Ted  shift”  according  to  figure  21.23  rs: 
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(21.4a)  *»w.  ~  hv  =  AS  +  8 

the  red  shift  thus  being  decreased  by  the  amount  8. 

Probably  no  other  compound  has  been  so  often  studied  from  the  point 
of  view  of  Kundt’s  rule  as  chlorophyll.  The  origin  of  this  interest  was  the 
fact,  first  noticed  by  Hagenbaeh  in  18/0,  that  the  maximum  of  the  red  band 
of  chlorophyll  in  living  plants  is  displaced  by  about  20  mg  toward  the  led 
end  of  the  spectrum,  compared  to  its  position  in  solution.  Gerland  (1871) 
found  that  a  similar  displacement  occurs  in  the  case  of  the  absorption  bands 
of  chlorophyll  in  the  yellow  and  green.  It  was  early  suggested  that  this 
position  of  the  bands  indicates  a  peculiar  state  of  chlorophyll  in  the  living 
cell,  and  numerous  attempts  have  been  made  to  reproduce  this  state  in 
vitro.  We  will  see,  however,  in  the  following  review  of  experimental  data, 
that  the  “red  shift”  is  not  a  specific  effect,  and  could  be  caused  by  various 
types  of  aggregation  or  complexing. 

We  will  first  deal  with  chlorophyll  solutions  in  different  organic  sol¬ 
vents,  and  then  with  colloidal  solutions,  complexes  and  adsorbates,  in  which 
chlorophyll  is  associated  with  proteins,  lipides  or  other  carriers. 


1.  Solvent  Effect  in  the  Spectra  of  Chlorophyll  and  Bacteriochlorcphyll 

Chlorophyll  was  one  of  the  dyestuffs  whose  study  caused  Kundt  (1878) 
to  postulate  a  relation  between  the  refractive  index  of  the  solvent  and  the 
position  of  the  absorption  bands,  which  became  known  as  “Kundt’s  rule.” 
Since  then,  numerous  observations  have  been  made  of  the  spectrum  of 
chlorophyll  in  different  solvents,  e.  g.,  by  Baas-Becking  and  Koning  (1934), 
Hubert  (1935),  Wakkie  (1935),  Katz  and  Wassink  (1939),  Biermacher 
(1939),  Egle  (1939)  and  Harris  and  Zscheile  (1943).  The  agreement  be¬ 
tween  the  different  authors  is  not  very  satisfactory— for  example,  Hubert 
found  662.5  mg  for  the  position  of  the  absorption  peak  of  chlorophyll  a  in 
methanol,  and  664  mg  for  its  position  in  ether,  while  Katz  and  Wassink 
obtained,  for  the  same  solvents,  664  and  661  mg,  Harris  and  Zscheile  664 
and  660  mg,  and  Bass-Becking  and  Koning  656  and  666  mg,  respectively. 

Many  discrepancies  probably  have  been  caused  by  the  use  of  poor 
spectrophotometric  equipment;  Mackinney  (1938)  stressed,  for  example 
the  errors  inherent  in  the  identification  of  the  band  maximum  with  the  so- 
called  band  “axis”  ( cf .  above,  page  607,  and  chapter  23,  page  744).  Other, 
and  perhaps  more  important,  differences  may  have  been  caused  by  the 
preparations  used— often  leaf  extracts  containing  chlorophylls  a  and  b 
m  unknown  proportions.  It  is  difficult  enough  to  obtain  spectroscopic 

P0Pnttrbstr:T  '1th  Pl"'ified  p,epttrations  of  a  chlorophyll  com- 
(r/T  MtT  impurities,  too,  may  strongly  change  the  spectrum 


Table  21. VII 

Positions  of  the  Absorption  Peaks  of  Chlorophylls  a  and  b  in  Different  Solvents 
Values  shown  in  italics  are  those  used  in  fig.  21.  24 
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Tables  21. VII  and  21. VI II  contain  a  summary  of  the  experimental  re¬ 
sults.  Considering  the  former  table  as  a  whole,  one  finds  only  a  very 
rough  confirmation  of  Kundt’s  rule — it  consists  mainly  in  the  fact  that 
^mai.  values  greater  than  670  mp  are  found  only  with  solvents  whose  refrac¬ 
tive  index  is  greater  than  1.5.  Between  =  1.33  and  1.5,  the  variations 
of  Vnax.  appear  small  and  irregular. 

However,  if  one  sorts  out  solvents  of  the  same  chemical  type,  a  more 
regular  shift  at  least  of  the  red  absorption  maximum  becomes  apparent. 
Figure  21.24  summarizes,  as  an  example,  the  data  of  Katz  and  Wassinkand 
Harris  and  Zscheile  for  nonpolar  solvents  (curve  A)  and  for  alcohols  (curve 
B). 


Fig.  21.24.  Absorption  maxima  of  chlorophyll  a  in  solvents  of  different 

refractivity. 


The  shift  of  the  blue  band  remains  irregular,  even  in  selected  series  o 
solvents.  The  highest  value  of  Am„.  of  the  blue  band  was  found  in  the 
solvent  with  the  lowest  refractive  index,  methanol.  (This  fact  may  per¬ 
haps  be  attributed  to  a  specific  sensitivity  of  the  blue-violet  band  to  tautom- 
erization — a  hypothesis  discussed  on  page  007;  tautomemation  equilibria 

are  known  to  be  strongly  affected  by  solvent  changes.)  .,,,11 

Livingston  and  co-workers  (1949)  noted  that,  in  the  series  of  chlorophyll 
a  solutions  in  alcohols  (from  methanol  to  octanol),  the  relation  betw  een  « 
two  peaks  in  the  blue-violet  region  changes  systematically,  n  me  .  la  > . 
they  are  equally  high  and  separated  only  by  a  dip;  m  octanol,  the 
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wave  peak  appears  as  a  lower  hump  separated  from  the  main  peak  by  a 

trough.  .  ,  , 

Wakkie  (1935),  too,  divided  solvents  into  classes  and  gave  lour 

separate  Xmax.  =  /(u)  curves — one  for  nonpolar  solvents,  one  for  weakly 
polar  solvents  (ethers,  ketones),  one  for  alcohols  and  one  for  colloidal  solu¬ 
tions  in  water  and  glycerol.  However,  the  last  curve  is  not  directly  com¬ 
parable  with  the  other  three,  since,  as  we  shall  see  later,  the  position  of  the 


Fig.  21.25.  Wave  lengths  of  absorption  maxima  of  green  pigment  extracts  in 
different  organic  solvents,  in  relation  to  their  refractive  indices.  (1)  Carbon  di¬ 
sulfide,  (2)  pyridine,  (3)  chloroform,  (4)  benzene,  (5)  carbon  tetrachloride,  (6) 
ethanol,  (7)  ether,  (8)  methanol,  (9)  acetone  (after  Katz  and  Wassink  1939). 

Top  scale:  extracts  from  purple  sulfur  bacteria  (strain  D)  (O).  Bottom  scale- 
extracts  from  Chlorclla  (•). 


absorption  bands  of  colloidal  chlorophyll  solutions  depends  not  only  on  the 
solvent,  but  also  on  the  degree  of  dispersion  of  the  sol. 

Wakkie’s  curves  (as  well  as  our  two  curves  in  fig.  21.24)  are  displaced 
ard  longer  waves  with  increasing  dipole  moment  of  the  solvent— a  rela¬ 
tion  that  can  be  explained  by  the  superposition  of  attraction  forces  be- 

«  S°‘Vent  solute  caused  by  permanent  polarization  upon  forces 
due  to  polarizability.  This  dipole  effect  is  stronger  for  chlorophyll  Mhan 


642 


ABSORPTION  SPECTRA  OF  PIGMENTS  IN  VITRO 


CHAP.  21 


for  chlorophyll  a — the  former  being  the  more  po’ar  of  the  two  compounds. 
For  example,  according  to  Harris  and  Zscheile,  the  red  band  of  chlorophyll 
a  lies  at  660  m/x  in  ether  and  664  m/x  in  methanol  (AX  =  4  m;u),  while  the 
corresponding  values  for  chlorophyll  b  are  642.5  and  651  m^,  respectively 
(AX  =  8.5  m /x) .  Hydrogen  bonding,  too,  may  have  to  be  taken  into  con¬ 


sideration  . 

If  one  compares  the  effects  of  varying  refractivity  of  the  solvents  on  the 
spectra  of  different  homologous  solutes,  one  may  expect  the  solute  with  the 
stronger  polarizability  to  exhibit  the  strongest  shift.  Polarizability  in¬ 
creases  with  the  intensity  and  wave  length  of  the  first  absorption  band. 
Thus,  the  spectra  of  dyestuffs  should  be  more  sensitive  to  solvent  changes 
than  the  spectra  of  noncolored  substances,  and  the  sensitivity  of  dyes  of  dif¬ 
ferent  color  should  increase  with  the  shift  of  the  main  absorption  band  to¬ 
ward  longer  waves.  This  is  confirmed  by  the  finding  of  Pruckner  (1940) 
that  the  solvent  effect  increases  strongly  from  porphins  through  dihydro- 
porphins  (chlorins  and  phorbins)  to  tetrahydroporphins  (bactei  iochloi  o- 
phyll).  The  first  absorption  band  of  chlorophyll  is  situated  further  toward 
the  red  and  is  more  intense  than  the  first  absorption  band  of  the  porphyrins ; 
and  the  same  is  true  of  the  first  absorption  band  of  bacteriochlorophyll 
compared  to  that  of  chlorophyll.  The  two  (or  four)  additional  hydrogen 
atoms  contained  in  these  compounds  contribute  electrons  that  are  easily 
excitable  by  light  (thus  giving  rise  to  long-wave  absorption  bands)  and 
easily  displaceable  in  electric  fields  (thus  producing  strong  polarizability) 

Figure  21.25  shows  the  shifts  of  the  band  maxima  of  bacteriochlorophyll 
and  ordinary  chlorophyll  in  the  same  solvents.  This  figure  indicates  that 
on  the  wave  length  scale  the  solvent  effect  is  about  twice  as  strong  tor  the 
first  band  of  bacteriochlorophyll  as  for  the  first  band  of  ordinary  ch  oro- 

Ph>Katz  and  Wassink  (1939)  extrapolated  the  curves  in  figure  21.25  to 
vacuum  (refractive  index  1)  and  predicted  that  the  absorption  peak  o  free 
chlorophyll  molecules — if  it  can  ever  be  determined-will  be  found l  at 
±  5  m/x  and  that  of  free  bacteriochlorophyll  molecules  at  about  MO  m/x. 

In  pyridine  solution 

cussed  by  Mackinncy  (1038,  1940)  and  Egle  (1939). 
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tion  on  a  wave  length  scale.  In  the  comparison  of  the  shifts  of  bands  in 
different  parts  of  the  spectrum,  on  the  other  hand,  the  use  of  wave  lengths 
may  be  quite  misleading;  for  example,  a  shift  by  10  m^  at  440  m*x  is 
equivalent,  on  the  energy  scale,  to  a  shift  by  22.5  m^x  at  660  m/x. 

The  effect  of  solvents  on  absorption  maxima  of  chlorophyll  other  than 
the  main  red  peak  has  not  been  studied  systematically,  but  it  is  known  that 
in  general  all  of  them  experience  shifts  toward  longer  waves  with  increasing 
refractivity  of  the  solvent  (see  e.  </.,  Egle  1939).  Exact  measurements  of 
this  shift  may  prove  useful  in  the  interpretation  of  the  spectrum,  since  ab¬ 
sorption  bands  that  lead  to  the  same  electronic  upper  state  can  be  expected, 
according  to  page  636,  to  show  the  same  shift.  Krasnovsky  el  al.  (1949) 
found  bands  II  and  III  to  be  shifted,  in  pyridine,  by  30-35  mju  (to  643 
and  622  m/x),  while  other  bands  were  shifted  by  8-15  m/x  only. 

The  solvent  effect  is  not  restricted  to  band  shifts,  but  also  involves 
changes  in  the  width  and  shape  of  the  bands  and  (perhaps  as  a  conse¬ 
quence  of  these  changes)  alterations  in  the  absolute  and  relative  intensities 
of  the  band  maxima.  In  this  case,  too,  bands  leading  to  the  same  excited 
electronic  level  must  show  a  similarity  of  behavior  ( cf .  Pruckner  1940). 
In  the  case  of  chlorophyll,  the  ratio  between  the  intensities  of  the  blue- 
violet  and  the  red  peak  is  quite  different  in  different  solvents.  While 
Table  21. IB  showed  a  value  of  1.3  for  ether  solutions  of  chlorophyll  a,  the 
ratio  drops  to  1  in  methanol  (Mackinney  1940,  Albers  1941,  Harris  and 
Zscheile  1943)  and  rises  to  approximately  1.5  in  dioxane  (Harris  and 
Zscheile  1943)  and  perhaps  also  in  benzene  (according  to  Hausser’s  meas¬ 
urements,  cf.  Fischer  and  Stern  1940;  not  confirmed  by  Table  21.VIII). 

Figure  21.26  shows  the  absorption  curves  of  chlorophylls  a  and  b  in  a 
variety  of  solvents,  according  to  Harris  and  Zscheile. 


Table  21. VIII 

Relative  Intensity  of  Chlorophyll  Absorption  Peaks  in  Different  Solvents 
_ _  (after  Harris  and  Zscheile  1943) 


Solvent 

Blue  max. /red 

max. 

Chi.  a 

Chi.  b 

Met  hanol .... 

i  on 

2.85 

2-Ethyl-l-hexanol . 
2-Methyl-l-propanol. .  . 
1-Butanol .... 

Methyl  oleate. . . 

Acetone. . . . 

I  .  uu 

1.00 

1.02 

1.03 

1.25 

1  OH 

Olive  oil. . . . 

I  .  ZO 

1  on 

2.95 

Isopropyl  ether. . . 

Carbon  tetrachloride 

Benzene . . 

•  •  i . 

1.29 

1.32 

1  QQ 

2.54 

Ethyl  ether. . 

1 . 66 

1  QQ 

2 . 45 

Cyclohexane.  .  .  . 

1 . 66 

1  QA 

2.98 

1-n-Dioxane.  . 

1  .  ot) 

1.46 
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Characteristic  changes  apparently  occur  in  the  “doublet  structure”  of 
the  blue-violet  band.  In  chlorophyll  a  in  alcohols,  the  two  components  of 
this  band  are  well  separated  and  almost  equal  in  prominence.  (This  sepa¬ 
ration  of  the  band  into  two  almost  equal  components  may  be  the  cause 
for  the  fact  that  the  blue-violet  peak  is  in  this  case  not  much  higher  than 
the  red  peak.)  In  dioxane,  on  the  other  hand,  the  violet  component  is  a 
“satellite”  only  half  as  high  as  the  main  blue  peak  (the  latter  being  in  this 
case  almost  50%  higher  than  the  peak  of  the  red  band).  It  was  mentioned 


Fig 


WAVE  LENGTH,  m/i 

21. 26  A.  Absorption  spectra  of  chlorophyll  a  in  pure  hydrocarbon  and  hydro¬ 
carbon  containing  an  alcohol  or  amine  (after  Lrvmgston  el  al.  1949). 


on  page  607  that  these  differences  may  perhaps  be  indicative  of  tautomeric 

equilibria;  but  this  is  merely  a  under  the  different 

It  would  be  interesting  to  evaluate  the  total  aieas  unut 

rs^ZToohXds,  without 

changing  their  total  areas.  absorption  spectrum  of  dye- 

a  n  vfq  little  investigated  subject,  is  tne  aost  P  .  1  nu 

:^ti^ 
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energy,  of  complex  formation  of  chlorophyll  with  different  organic  mole¬ 
cules.  Livingston,  Watson  and  McArdle  (1949),  in  a  study  devoted  pri¬ 
marily  to  the  strong  effect  of  small  admixtures  of  polar  solvents  on  the 
fluorescence  of  chlorophyll  solutions  in  hydrocarbons,  noted  that  these  ad¬ 
mixtures  also  changed  the  absorption  spectrum.  As  an  example,  figure 
21.26  B  shows  the  effect  of  traces  of  water  on  the  absorption  spectrum  of 
chlorophyll  b  in  benzene.  In  the  dry  solution,  both  main  peaks  are  lower 
and  a  shoulder  appears  at  about  670  mu  on  the  long-wave  side  of  the  red 


WAVE  LENGTH,  mM 

Fig.  21.26B.  Absorption  spectra  of  chlorophyll  b  in  dry  and  wet  benzene. 


peak.  F igure  21 .26  A  shows  the  effects  of  two  other  polar  solvents,  benzyl- 
amine  and  benzyl  alcohol,  on  the  absorption  spectrum  of  chlorophyll  a  in 
niy  b(jnzen^-  In  thlf  case,  the  main  absorption  peaks  are  higher  in  dry 

Z  IT’  “  n"  aPP6arS  °n  the  ‘o^ave  end  of  the 

the  !  ,  ,  A,  ITarkab,lc  faet  sh0'™  by  this  figure  is  that  the  spectrum  of 

the  activated  solution  (the  term  “activated”  refers  to  fluorescence  which 

is  absent  in  pure  benzene),  is  the  same  whether  activation  is  due  to  amine 
or  to  alcohol,  although  the  absorption  spectra  of  chlorophvl  a  in  pu  e 
benzy ‘amine  and  ,n  pure  benzyl  alcohol  are  quite  different  Thi  ,  u 
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number  of  such  molecules  thus  converts  the  spectrum  of  “normal”  chloro¬ 
phyll  into  one  of  “tautomerized”  chlorophyll.  In  pure  polar  solvent,  on  the 
other  hand,  polar  molecules  surround  the  chlorophyll  molecule  from  all 
sides  and  thus  cause  a  different  and  more  radical  change  in  its  absorption 
spectrum. 

The  absorption  spectrum  of  the  “activated”  solution  is  affected  by  in¬ 
creasing  temperature,  indicating  a  shift  toward  dissociation  of  the  equilib¬ 
rium 


Chi  +  M+-  '  tChl  •  M  +~ 

(M+~  =  polar  molecule,  tChl  =  tautomeric  chlorophyll).  The  interpre¬ 
tation  of  these  interesting  results  will  be  discussed  in  chapter  23  (page  769) 
after  presentation  of  the  corresponding  fluorescence  data. 

Evstigneev,  Gavrilova  and  Krasnovsky  (19492)  noted  that  polar  mole¬ 
cules  have  no  effect  on  absorption  spectrum  and  fluorescence  of  magnesium- 
free  compounds  (pheophytin  and  phthalocyanine)  and  therefore  ascribed 
this  effect  to  the  binding  of  these  molecules  by  the  residual  valencies  of 
magnesium. 


A  few  words  can  be  added  here  on  the  effect  of  dissolved  gases  on  the  absorption 
spectrum  of  chlorophyll  solutions.  Padoa  and  Vita  (1932)  described  changes  in  the  ab¬ 
sorption  spectra  of  chlorophylls  a  and  b  (in  benzene  solutions)  in  contact  with  nitrogen, 
oxygen,  carbon  monoxide  and  carbon  dioxide.  A  strong  effect  was  observed  in  the  case 
of  carbon  monoxide— a  result  taken  as  an  indication  of  the  existence  of  a  chlorophyll- 
carbon  monoxide  complex,  similar  to  carboxyhemoglobin.  However,  the  spectra  re¬ 
produced  in  the  paper  of  Padoa  and  Vita  are  so  different  from  the  true  spectrum  ot 
chlorophyll,  that  they  must  have  been  obtained  with  some  decomposition  products 
rather  than  with  the  intact  pigment.  Katz  and  Wassink  (1939)  found  practically  iden¬ 
tical  extinction  curves  for  colloidal  aqueous  bacteriochlorophyll  extracts  in  atmospheres 
of  oxygen,  hydrogen  sulfide,  nitrogen,  hydrogen  and  air. 


Evstigneev,  Gavrilova  and  Krasnovsky  (19491)  asserted  that  the  pres¬ 
ence  of  oxygen  does  have  a  certain  effect  on  the  spectrum  of  chlorophyll 
(a  +  b,  or  pure  b )  in  toluene.  Upon  evacuation,  the  absorption  coefficient 
decreased  in  both  maxima,  which  were  shifted  slightly  toward  the  red.  In 
chlorophyll  b,  a  new  maximum  of  absorption  appeared,  when  air  was  re¬ 
moved  at  670  mju-  These  changes  were  reversible ;  but  irreversible  changes 
were  noted  in  the  ultraviolet  part  of  the  spectrum.  Similar  changes  were 
observed  in  carbon  tetrachloride  and  heptane,  but  not  in  pyridine,  ethanol, 
acetone  or  benzene.  Addition  of  one  drop  of  alcohol,  pyridine  or  acetone 
to  10  cc.  toluene  destroyed  the  effect  of  evacuation  Later  (1949  )  the 
same  investigators  found  that  the  effects  they  had  ascribed  to  the  admission 
of  air  were  actually  caused  by  the  admission  of  water  vapor. 

These  results  obviously  bear  a  relation  to  Livingston  s  c0^c  us^°™\ 
chlorophyll  is  present,  in  nonpolar  solvents,  in  a  state  differen  ion 
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which  it  is  converted  by  the  presence  of  even  traces  of  an  alcohol  or  water. 
Evstigneev  et  al.  (19491)  suggested  that  in  the  absence  of  polar  molecules 
chlorophyll  is  dimerized,  and  that  the  dimer  is  dissociated  by  oxygen 
molecules,  dimerization  being  due  to  unsaturated  magnesium  valencies, 
which  can  also  be  saturated  by  oxygen.  Their  subsequent  results  (19492) 
made  this  interpretation  of  oxygen  action  unnecessary. 

In  solvents  of  intermediate  type,  or  in  mixed  (or  simply  not  extremely 
purified)  solvents,  both  types  of  interaction  may  occur  simultaneously. 

Changes  in  the  absorption  spectra  of  chlorophyll  can  be  caused,  accord¬ 
ing  to  the  observations  of  Livingston  and  co-workers  (1948,  1949),  also 
by  small  quantities  of  admixtures  other  than  polar  solvents.  Examples  are 
iodine,  bromine,  ferric  and  ceric  salts  (Rabinowitch  and  Weiss,  1937),  and, 
in  the  case  of  chlorophyll  b  (but  not  chlorophyll  a!),  phenylhydrazine.  Some 
effects  of  this  type  might  be  similar  to  tho.se  of  polar  solvents,  i.e.,  they  may 
be  caused  by  reversible  formation  of  molecular  complexes.  Mostly,  how¬ 
ever,  they  are  due  to  irreversible  chemical  changes  such  as  allomerization 
(or,  more  generally,  oxidation),  or  reduction  (which  is  likely  in  the  case  of 
chlorophyll  b  and  phenylhydrazine);  these  phenomena  do  not  belong 
under  the  heading  of  “effects  of  the  medium  on  the  absorption  spectrum  of 
chlorophyll,”  but  rather  under  that  of  “chemical  reactions  of  chlorophyll, 
revealed  by  spectroscopic  measurements”  (cf.  pages  450-467  in  Vol.  I,  and 
chapter  37  in  this  volume). 


2.  Absorption  Spectrum  of  Colloidal  and  Adsorbed  Chlorophyll 

Colloidal  aqueous  solutions  of  chlorophyll  are  obtained  by  mixing  a 
molecular  solution  of  the  pigment  (in  alcohol  or  acetone)  with  water.  The 
spectrum  of  the  resulting  solution  depends  on  the  conditions  of  mixing; 
t  ns  is  the  reason  that  earlier  investigators  could  not  agree  on  the  position 
o  the  band  maximum  of  colloidal  chlorophyll.  Herlitzka  (1912)  Will- 
statter  and  Stoll  (1918)  and  Baas-Becking  and  Koning  (1934)  reported 
that  this  maximum  coincides  with  that  of  chlorophyll  in  leaves,  i.  e„  lies 

I  3  f  , T  Ivanovski  (,!,,)7>  and  Hubert  (1935),  on  the  other 
hand,  found  the  maximum  at  668  m„,  i.  in  the  same  region  as  in  many 

tine  solutions.  Hubert  noticed,  however,  that  the  position  of  the  maxi¬ 
mum  was  affected  by  the  degree  of  dispersion  of  the  colloidal  system  •  Ad¬ 
dition  of  magnesium  chloride,  which  caused  a  growth  of  the  particles  (and 
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A  colloidal  solution  prepared  by  Meyer  by  rapid  addition  of  3  volumes 
of  water  to  1  volume  of  a  chlorophyll  solution  in  ethanol  was  clear,  trans¬ 
parent  and  nonfluorescent.  Its  particles  were  0.5  to  3  n  in  diameter. 
The  band  maximum  was  at  670  niju,  and  the  shape  of  the  extinction  curve 
was  similar  to  that  of  the  original  solution  in  ethanol.  On  the  other  hand, 
a  colloidal  solution  prepared  by  adding  quickly  0.6  volume  of  water  to  1 
volume  of  ethanol  and  then  diluting  by  6.4  volumes  of  water,  was  turbid 
and  opalescent.  Its  particles  had  a  diameter  of  1-3  n,  i.  e.,  were  not  sub¬ 
stantially  larger  than  those  of  the  first,  transparent  colloid,  but  they  con¬ 
tained  more  pigment.  The  absorption  maximum  of  this  colloid  was  sit¬ 
uated  further  toward  the  red,  at  673  m/x,  and  the  whole  shape  of  the  extinc¬ 
tion  curve  was  more  like  that  of  the  leaves,  as  shown  by  figure  21.27 
(Meyer  described  the  spectrum  of  this  colloidal  preparation  as  “identical” 
with  that  of  the  leaves,  but  figure  21.27  does  not  justify  this  statement). 
By  counting  the  particles  of  the  colloid,  Meyer  found  that  the  concent ra- 


Fic  21  27.  Transmission  curves  of  leaves  (1  and  2)  and  of  colloidal  chlorophyll 

solutions  (3)  (after  K.  P.  Meyer,  1939). 


tion  of  chlorophyll  in  the  particles  of  the  turbid  solution  was  of  the  order  o 
0.13  mole/1.,  i.  similar  to  that  in  the  chlorophyll  grana  m 
Vol.  I,  chapter  15,  page  411).  Even  these  densey  p.u 
tides  are  still  far  from  “solid,”  but  contain  up  to  90%  solvent 

Because  of  the  intensity  of  the  absorption  bands,  the  ertnetaon  . 
of  dyestuffs  usually  are  measured  with  concentrations  of  the  order  o  10 
to  10"  /  No  deviations  from  Beer's  law  (i.  no  changes  ,n  he  ex¬ 
action  curve  "with  concentration)  were 

in  this  range  of  concentrations.  ligated,  but 

deep),  dyestuff  solutions  containing  '  mol, e/1.  reached  in 

even  this  is  a  hundred  times  more  dilute  than  t “  grana  in 

Meyer’s  colloidal  particles  and  also  present  m  the  ch  1  . 
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leaves.  Wakkie  (1935)  emulsified  a  chlorophyll  solution  in  ether  in  a  satu¬ 
rated  water-ether  mixture,  bubbled  air  through  it  and  watched  the  changes 
of  the  absorption  spectrum  as  the  ether  evaporated  and  the  chlorophyll  in 
the  drops  grew  more  and  more  concentrated.  At  a  certain  concentration 
(not  estimated  in  the  paper)  the  absorption  band  began  to  shift  to  the  red, 
from  666  to  676  mju.  This  indicates  that  a  shift  similar  to  that  caused  by 
the  accumulation  of  chlorophyll  in  colloidal  particles  can  be  produced  also 
by  an  increase  of  its  concentration  in  true  molecular  solution.  When  the 
ether  was  completely  evaporated,  the  remaining  dry  chlorophyll  had  an 
absorption  maximum  at  679  m/x.  This  agrees  approximately  with  the 
measurements  of  Hubert  (1935),  who  gave  680.5  m^i  for  the  absorption 
maximum  of  solid  chlorophyll  (thin  film  of  dried  chlorophyll  on  glass). 

The  possibility  of  energy  exchange  between  excited  and  normal  chloro¬ 
phyll  molecules  and  the  spectroscopic  effects  of  this  exchange — which  must 
increase  with  increasing  concentration  of  the  pigment — will  be  discussed  in 
chapter  32,  in  connection  with  the  concept  of  the  “photosynthetic  unit” 
and  similar  hypotheses. 


A  similarity  between  the  absorption  spectra  of  solid  chlorophyll  in  suspension  and 
of  chlorophyll  in  the  living  cell  was  first  claimed  by  Ivanovski  (1907,  1913). 

It  thus  appears  that  a  shift  of  the  red  chlorophyll  band  toward  the 
longer  wave  lengths  (approaching  its  position  in  the  leaf  spectrum)  can  be 
achieved  not  only  by  interaction  with  a  solvent  of  high  polarity  or  polariz¬ 
ability,  but  also  by  interaction  with  other  chlorophyll  molecules.  This  of¬ 
fers  several  alternatives  for  the  interpretation  of  the  state  of  chlorophyll 
in  vivo.  In  the  case  of  bacleriochlorophyll,  Katz  and  Wassink  (1939) 
notcrl  that  the  absorption  band  of  evaporated  pigment  was  shifted  by  not 
more  than  2.5  mM  from  its  position  in  solution,  while  in  live  bacteria  (and 
in  colloidal  extracts  from  bacteria)  the  same  band  is  shifted  toward  longer 
waves  by  as  much  as  86-100  m/z.  In  this  case,  the  position  of  the  band  in 
the  spectrum  of  the  living  cells  definitely  indicates  interaction  with  other 

cell  components  and  not  merely  close  mutual  proximity  of  the  pigment 
molecules. 

A  “red  shift  ”  of  the  absorption  bands  of  chlorophyll  probably  can  be  ob- 

and eFctS °fi oanf  °n.  appropriate  cal™rs:  According  to  Seybold 

s/nrcA  i  sit, liter!’  absorptmn  band  of  chlorophyll  adsorbates  on 

o,  9.7 \  t  l  '  V  a  l_ ’•  e-’  m  the  same  region  as  in  solution.  Figure 
noaks  of  Hu611  u"!1Seyb0!d, and  Weissweiler  (1942),  shows  the  absorption 

Chlorophyll  a  670  S  1  a'-'o  ’’  ads0,',bed  °“  suSar.  in  the  following  positions: 
..  .  1  '  ’  am  4o°  an(>  chlorophyll  b,  062  and  488  mu— values 

^1X7  ftS  by  !°  and  20  m*fOT  the  -component  and  19  and 
3o  for  the  I, -component  (compared  to  band  positions  in  ether).  The 
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Fig  21  27 A.  Transmission  and  reflection  curves  of  chlorophylls  a  and  b 
adsorbed  on  sugar  (after  Seybold  and  Weissweiler  1942). 


Fig.  21.28.  Absorption  curves  of  spinach  leaf  extracts  (after  Smith 


053 


COLLOIDAL  AND  ADSORBED  CHLOROPHYLL 

figures  for  the  blue-violet  bauds  are  so  high  as  to  call  for  a  recheck  (see 
chapter  22,  page  705,  for  the  position  of  the  blue-violet  bands  in  the  living 
cells).  Eisler  and  Portheim  (1922)  and  Noack  (1927)  stated  that  the  ab¬ 
sorption  spectra  of  chlorophyll  adsorbates  on  'proteins  are  “similar  to  those 
of  the  living  cells,”  but  gave  no  figures. 


WAVE  LENGTH, 


;:rr.  tsrr::'  ™  *-  S5  SS 

of  curve  A  is  at  G78  m„,  that  of  curve  li  at  075 
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The  relatively  strong  absorption  of  the  crude  extract  in  the  violet  may  be 
due  to  the  presence  of  yellow  pigments ;  its  stronger  absorption  in  the  far 
red  (>700  m/x)  was  attributed  by  Smith  to  scattering.  However,  in¬ 
creased  absorption  in  the  far  red  has  also  been  observed  by  Noddack  and 
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of  supersonic  waves.  These  curves,  which  can  be  found  in  figure  22.15. 
indicate  that  enhanced  extinction  in  the  far  red  is  characteristic  of  trans¬ 


mission  much  more  than  of  true  absorption  thus  supporting  Smith  s  ex¬ 
planation  and  contradicting  the  results  of  Noddack  and  Eichhoff. 


A<;c°rdmg  to  Smith,  the  molar  extinction  coefficient  of  chlorophyll  in 
h  maximum  of  the  red  band  is  approximately  the  same  in  the Zueoul 

woil  the  shmnS  '  !Klt0nin  an<l  in  ether  or  solution.  In  other 

without  a  change 'in  intensity.  ^  th’S  ^  f''°m  °U°  l°  073  occurs 
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Absorption  curves  of  colloidal  chlorophyll-protein  extract  were  given 
also  by  Katz  and  Wassink  (1939).  Figure  21.29  shows  the  red  band  in  the 
spectra  of  Chlorella  suspensions,  and  in  colloidal  extracts  from  the  same 
cells  (a)  in  phosphate  buffer  pH  6.6,  (6)  in  distilled  water,  (c)  in  Knop’s 
culture  medium  and  ( d )  in  fresh  egg  albumen.  The  position  of  the  maxima 
are  but  slightly  different  in  all  these  curves  (approximately  680  mu) ; 
the  shapes  of  the  curves  are,  however,  affected  by  the  nature  of  the  medium, 
particularly  in  extracts  a  and  b.  The  solution  in  egg  albumen  has  an  ex¬ 
tinction  curve  practically  identical  with  that  of  the  living  cells.  Fig.  21.29e 
shows,  as  a  contrast,  the  strong  shift  occurring  upon  extraction  of  the  pig¬ 
ment  with  alcohol.  Similar  curves  were  given  by  Katz  and  Wassink  (1939) 
and  French  (1940)  for  colloidal  extracts  from  purple  bacteria  (c/.  figs.  21.30). 

A  transmission  curve  of  a  water  extract  of  the  blue-green  alga  Chroococ- 
cus  can  be  found  in  figure  22.48B.  In  these  extracts,  the  phycocyanin- 
protein  forms  a  true  colloidal  solution,  while  the  other  pigments  probably 
are  in  the  same  state  of  dispersion  as  in  extracts  from  green  algae  and  leaves. 


C.  Absorption  Spectra  of  the  Carotenoids* 

1.  Experimental  Results 

The  extinction  curves  of  carotenoids  in  organic  solvents  have  been  in¬ 
vestigated  by  numerous  authors,  among  whom  we  may  mention  Willstatter 
and  Stoll  (1913),  Pummerer  and  Rebmann  (1928),  McNicholas  (193  ), 
Smakula  (1934),  Gillam  (1935),  Sprecher  von  Bernegg  Heierle  and Almasy 
0935)  Miller  (1935,  1937),  Strain  and  co-workers  (1938,  1942,  1943,  ltm, 
French  (1941),  Beadle,  Zscheile  and  co-workers  (1942,  1944,  194d)  ami 
Zechmeister  and  co-workers  (cf.  review  by  Zechmeister  1944). 

Recently,  a  number  of  absorption  curves  were  determined  by  Kauei 
and  co-workers,  and  were  reproduced  in  a  monograph  by  Karrer  and  Juckei 

(19The  absorption  spectra  of  carotene  and  “leaf  xanthophyll”  in  the  in- 
fra™ were  observed  by  Stair  and  Coblentz  (1933).  They  show  a  senes 
of  absorption  bands  characteristic  of  long  unsaturated  carbon  cha  n  , 
manyof  them  coincide  closely  with  the  absorption  bands  of  phytol  (cf. 

^^The  spectra  of  all  carotenoids  in  the  visible  are  characterized  by  two  or 

*  Bibliography,  page  670. 
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on  the  state  of  the  pigment  and  the  surrounding  medium.  Table  21. IX 
shows  that  the  direction  of  the  band  shift  in  different  solvents  is  the  same 
as  for  chlorophyll — i.  e.,  they  are  displaced  toward  the  longer  waves  with 
increasing  polarity  and  polarizability  of  the  solvent.  From  ether  to  carbon 
disulfide,  the  “red  shift”  amounts  to  43  m n  for  carotene  /3  and  35  m/x  for 
luteol — as  compared  to  only  10  mju  for  chlorophyll.  However,  the  effect  of 
transition  from  a  nonpolar  to  a  polar  solvent  of  approximately  the  same 
polarizability — e.  g.,  from  ether  to  ethanol — seems  to  be  smaller  for  the  carot¬ 
enoids  than  for  the  more  polar  chlorophylls  (c/.  Table  22. IX). 

A  still  stronger  displacement  sometimes  occurs  in  aqueous  colloidal 
solutions.  According  to  Karrer  and  Strauss  (1938),  the  maximum  of 
band  I  of  carotene  is  shifted,  from  480  m^i  in  hexane  and  ether,  to  510  m/u, 
or  even  535  m^,  in  hydrosols.  This,  too,  is  a  much  wider  shift  than  was  ob¬ 
served  in  chlorophyll  colloids.  (Because  of  this  shift,  some  carotene  sols 
are  red,  while  their  molecular  solutions  are  yellow.) 

In  addition  to  a  shift  of  the  band  maxima,  changes  of  medium  may  also 
cause  a  broadening  of  the  carotenoid  bands.  This  effect  appears  to  be 
particularly  strong  in  the  case  of  some  algal  carotenoids.  For  example, 
the  curves  given  for  fucoxanthol  spectrum  by  Strain,  Manning  and  Hardin 
(1944)  show  a  considerable  flattening  of  the  absorption  peaks  and  extension 


of  the  absorption  band  toward  the  longer  waves  in  ethanol  as  compared  to 
petroleum  ether.  The  spectrum  of  peridinol,  a  pigment  of  the  dinoflagel- 
lates,  shows  a  similarly  strong  solvent  effect. 

The  spreading  of  the  absorption  bands  of  the  carotenoids  into  the  green, 
rather  than  a  shift  of  their  peaks,  probably  explains  the  color  of  brown  algae 
and  diatoms.  The  striking  difference  between  their  color  and  that  of  green 
plants  appears  inexplicable  if  one  considers  only  the  solution  spectra  of 
fucoxanthol  ( cf .  fig.  21.35A)  or  peridinol,  since  these  are  almost  identical 
with  the  spectra  of  the  carotenols  of  green  plants  (e.  g.,  luteol  and  zeaxan- 

thol). 

Recently,  Karrer  and  co-workers  (1943,  1948)  published  an  absorption 
curve  of  fucoxanthol  in  hexane  (fig.  21.36)  which  shows  a  comparatively 
sow  decline  of  absorption  toward  the  longer  waves.  The  absorption  re- 

zero'at'fiOO  m  "''rl  55°  '”M’  ™hlle ,th»t  of  most  other  carotenoids  drops  to 
zero  at  500  na  dhe  reason  for  the  difference  between  this  curve  (which 

ogothe,  with  that  of  chlorophyll  could  explain  the  brown  color  of  fucoxan- 
XST  a,gae)  and  that  eiven  by  Wald  for  the  same  solvent,  ” 
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Fig.  21.31.  Absorption  spectrum  of  /3-  Fig.  21.32.  Absorption  spectra  of  a- 

carotene  in  hexane  (after  Zscheile,  White,  carotene,  /3-carotene,  and  lycopene  in 
Beadle  and  Roach  1942).  80%  ethanol  +  20%  diethyl  ether  (after 

Miller  1937). 


const  x  ct 
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Fig.  2 1.35 A.  Absorption  spectrum  of 
fucoxanthol  in  hexane  (after  Wald  1942). 
(For  a  different  curve  for  the  same  solution 
see  fig.  21.36.) 


Fig.  21.35B.  Absorption  spectra  of 
diatoxanthol,  diadinoxanthol,  neodia- 
dinoxanthol,  zeaxanthol  and  luteo]  (after 
Strain,  Manning  and  Hardin  1944). 
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at  426,  450  and  476  mp  (Table  21.  IX).  The  curves  given  by  them  for 
live  diatoms,  colloidal  extracts  and  pigment  solutions  in  organic  solvents 
indicate  a  considerably  increased  absorption,  in  vivo,  in  the  region  500- 
560  mju. 

Table  21. IX  shows  that  the  absorption  bands  of  many  bacterial  carote¬ 
noids  are  situated  further  toward  the  red  than  those  of  green  plants  and 
algae — a  relation  that  reminds  one  of  that  between  chlorophyll  and  bac- 
teriochlorophyll. 

Figures  21.31  and  32  show  the  extinction  curves  of  three  carotene  iso¬ 
mers  and  figures  21.33  and  21.34  those  of  luteol — the  most  common  carote- 
nol  of  green  plants  (c/.  Yol.  I,  page  415).  Figures  2 1.35 A  and  B  repre¬ 
sent  the  spectra  of  several  carotenols  of  brown  algae,  diatoms  and  dino- 
flagellates. 


Fie  21  37  Effect  of  width  of  spectral  region  isolated  on  the 
specific  absorption  coefficient  of  0-carotene  at  selected  wave  lengths 
(after  Zscheile,  White,  Beadle  and  Roach  1942).  The  changes  in  a 
observed  by  Miller  with  single  monochromator  (•)  were  not  found  m 
the  work  with  a  double  monochromator  (O). 

by  figure  21.37. 

2.  Theoretical  Considerations 

Carotenoids  are  polyene  dyestuffs,  ».  e  their -  color  is  due :  tc Uhe  c 
phoric  properties  of  a  straight  sensitisa- 

tiMi^areotheTexamples  TL  sa,nc  type.  With  increasing  length  of  the 
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conjugated  chain,  the  absorption  bands  are  shifted  regularly  toward  longei 
wave  length,  and  their  intensity  becomes  greater. 

These  simple  relations  between  color  and  molecular  structure  make  polyene  dyes 
particularly  suitable  objects  for  theoretical  studies.  This  problem  was  treated  by  Paul¬ 
ing  (1939),  who  used  the  method  of  atomic  orbitals  and  the  concept  of  resonance,  and  by 
Mulliken  (1939,  1941),  who  used  the  method  of  molecular  orbitals.  According  to  Paul¬ 
ing,  the  fundamental  resonance  possibilities  of  polyene  molecules  are  provided  by  the 
shifting  of  the  double  bonds,  which  results  in  the  transfer  of  an  electron  from  one  end  of 
the  molecule  to  the  other.  If  we  consider,  e.  g.,  a  straight  conjugated  chain  with  an 
even  number  of  carbon  atoms  (A),  the  shift  of  all  double  bonds  to  the  left  will  produce 
structure  B  and  a  shift  to  the  right,  structure  C: 

(A)  CH3CH=CHCH . CHCH=CHCH3 

( B )  +CH3=CHCH=CH . CH=CHCHCH3 

(C)  ch3chch=ch . ch=chch=ch3  + 


Each  of  the  states  B  and  C  has  a  large  dipole  moment;  but,  since  the  two  moments 
have  opposite  directions,  and  B  and  C  have  equal  probabilities,  the  molecule  will  show 
no  dipole  moment  at  all,  both  in  the  ground  state  of  the  molecule  and  in  the  lowest  ex¬ 
cited  states  formed  by  resonance  between  the  same  three  structures.  However,  the 
transition  from  the  normal  state  to  an  excited  state  of  this  type  has  a  “transition  mo¬ 
ment”  whose  order  of  magnitude  is  that  of  the  dipole  moment  of  the  individual  structures 
B  and  C.  This  is  a  very  large  moment,  and  it  increases  with  length  of  the  chain.  In 
wave  mechanics,  the  probability  of  a  spectroscopic  transition  between  two  states  (i.  e.t 
the  intensity  of  the  corresponding  absorption  line  or  band)  is  determined  by  the  magni¬ 
tude  of  the  “transition  moment.”  This  explains  why  polyene  molecules  have  strong 
absorption  bands,  and  why  their  intensity  increases  with  the  greater  chain  length. 

The  second  approach  to  the  same  problem  is  that  of  the  theory  of  “molecular  orbi¬ 
tals.  It  considers  the  actual  state  of  the  molecule  without  decomposing  it  into  imagi¬ 
nary  resonating  components.  It  tries  to  assign  the  electrons  not  to  definite  atoms  or 
bonds,  but  to  definite  functions  (orbitals)  of  the  molecule  as  a  whole.  In  a  long  chain 
of  conjugated  double  bonds,  some  of  these  orbitals  include  the  nuclei  of  all  atoms  in  the 
chain,  and  electrons  assigned  to  them  can  be  considered  as  moving  freely  through  the 
nan  ^  coun^part  to  the  “shifting  of  double  bonds”  in  the  reso- 

to  a wire  C°nJUgated  d0Uble  b0nd  Chain  has- in  this  theo^'  »  «*l»  similarity 

inVBf8',ti0".0f  a  m°l0CuIc  by  this  thoory  insists  in  the  determination  of  the 
qualitative  characteristics  of  available  orbitals  and  the  evaluation  of  the  r..l  r 

gies  of  the  states  obtained  by  different  assignments  of  £  h  t  tab 

ber)  and^f/2°doulile  bonds^the^pres  1  chain  of  n  carbon  atoms  (,  -  even, turn- 

conjugated  chain-u  hid  is  commm,  in  °J  T™? f lca! end  BrouPs  »“  both  ends  of  this 
contains  a  “unsaturation  orbitals  ”  !  oids-does  not  alter  the  problem).  It 

n/2  are  “bonding”  (•"  elect  (  ns  whole  conjugated  chain,  of  which 

“antibonding.”  Each  orbital  can  to  Jhem  stabilize  the  molecule),  and  n/2 

“unsaturation  electrons”  are  just  enough  to  fill  tl  T  °/^<:Ctrons’  so  that  the  n  available 
singlet  normal  state.  The  transfer  of  r  f  ?  U  Jon^inS  orbitals,  thus  giving  a 
antilxmding  orbitals  leads  to  an  excited  8^°  thT  CeCtr°nsinto  an>r  one  of  the  n/2 
cited  states.  Each  group  consists  (because  nfVl  ,  f  therefore  nV4  groups  of  ex- 

tron  spin)  of  one  triplet  and  one  singlet  state-  h  mteract*°n  of  orbitals  with  the  elec- 

singlet  state,  however,  because  of  the  prohibition  of 
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singlet-triplet  transitions  in  light  atoms,  only  the  n2/ 4  singlet  states  are  of  importance 
for  absorption.  The  longer  the  chain,  the  more  numerous  are  the  excited  states.  It 
can  be  shown  that  the  “center  of  gravity”  of  these  states  in  the  energy  diagram  remains 
more  or  less  unchanged,  while  the  lowest  excited  states  shift  closer  and  closer  to  the 
ground  state  as  the  chain  grows  longer.  This  is  shown  schematically  in  figure  21.38. 
At  the  left  wTe  have  the  energy  diagram  of  an  A2-molecule,  at  the  opposite  end,  that  of  an 
infinite  chain  of  A  nuclei;  the  long-wave  absorption  limits  are  represented  by  the  ar¬ 
rows;  they  become  shorter  and  shorter,  i.  e.,  the  absorption  shifts  further  and  further 

to  the  red,  with  increasing  chain  length,  until  it 
extends  into  the  infrared. 

Mulliken  has  shown  that,  if  the  chain  is  a 
straight  as  possible  (i.  e.,  if  all  carbon  atoms 
in  the  chain  are  in  tram  positions),  the  transi¬ 
tion  to  the  lowest  excited  state  (arrow  in  fig. 
21.38)  is  more  probable  than  all  the  other  transi¬ 
tions  together.  This  means  that  the  intensity 
of  the  absorption  band  with  the  lowest  fre¬ 
quency  must  increase  steadily  with  increasing 
chain  length.  We  have  thus  obtained  theo¬ 
retical  interpretations,  both  of  the  gradual  shift 
of  the  absorption  band  to  longer  waves,  and  of 
the  increase  in  its  intensity  with  the  growing 
length  of  the  chain. 

The  two  or  three  separate  maxima 
observed  in  carotenoid  spectra  may 
mean  as  many  distinct  electronic  transi¬ 
tions;  but  more  probably  they  correspond  to  coexcitation  of  one  or  several 
vibrational  quanta.  The  distance  between  maxima  (ca.  1500  cm  )  is 
of  the  order  of  magnitude  of  vibrational  quanta  in  organic  molecules. 

D.  Absorption  Spectra  of  the  Phycobilins* 

The  absorption  spectra  of  the  phycobilins  have  been  observed  in  living 

...” ..  sz  ss 

I*  »«—  <*“>  “d  F'™h 

co-workers  (1948,1951). 


Fig.  21.38.  Shift  of  first  absorp¬ 
tion  band  with  increasing  length  of 
conjugated  chain  (thickness  ol  ar¬ 
row  indicates  intensity). 


*  Bibliography,  page  671. 
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The  only  available  data  on  the  absorption  spectra  of  the  isolated  (i.  e., 
protein-free)  chromophores  are  those  of  Lemberg  (1930).  He  gave  the 
following  wave  lengths  for  the  maxima  of  the  absorption  bands: 


Compound 

Medium 

Wave  length 

Cyanobilin  (from  Porphyra  tenera) . 

Erythrobilin  (from  Porphyra  tenera) . 

HC1  (cone.) 
Acid  CHCh 
HC1  (cone.) 

598  mg 

606  mg 

498  ni/x 

Combination  of  the  pigments  with  protein  shifts  the  bands  toward  the 
red;  but  the  amount  of  this  shift  is  not  adequately  described  by  compari¬ 
son  of  the  above-quoted  figures  with  the  positions  of  the  absorption  maxima 
of  aqueous  extracts  from  algae,  because  the  data  on  free  pigments  refer  to 
strongly  acid  solutions,  while  those  on  chromoproteids  relate  to  neutral  or 
only  weakly  acid  solutions.  The  main  absorption  maximum  of  the  phyco- 
cyanin-protein  complex  lies  at  015  mg  in  the  pH  range  between  3.5  and 
7,  but  is  displaced,  in  concentrated  hydrochloric  acid,  by  as  much  as  41 
mg  toward  the  red  (to  65G  mg) .  Comparing  this  strongly  acid  solution  of 
the  chromoproteid  with  an  equally  strongly  acid  solution  of  the  chromo- 
phore,  we  find  a  “red  shift”  by  as  much  as  58  mg;  comparison  with  a  neu¬ 
tral  chromoproteid  solution  would  indicate  a  shift  of  only  17  mg. 

Similar  figures  were  given  more  recently  by  Wassink  (1948)  for  cyano- 
bilin  from  blue-green  Oscillatoria  (Amax  =  620  mg  for  the  chromoproteid, 

610  mg  for  the  solution  of  the  cyanobilin  in  chloroform,  and  600  mg  for  its 
solution  in  HC1). 


Extinction  curves  of  aqueous  chromoproteid  colloids  w'ere  given  by 
Svedberg  and  Lewis  (1928),  Svedberg  and  Katsurai  (1929),  Svedberg  and 
Eriksson  (1932),  and  French  and  co-workers  (1948,1951). 

Figure  21.39  shows  the  extinction  curves  of  the  phycoerythrins  from 
five  different  algae.  Three  maxima  (566,  540  and  498  mg)  are  always 
present  but  with  variable  relative  intensities,  pointing  to  the  existence  of 
hree  different  forms  of  the  pigment  (perhaps  the  same  chromophore  linked 
to  different  proteins) .  Van  Norman  et  al  (1948)  found  only  two  absorp- 

tion  peaks  (550  and  495  mg)  in  aqueous  extract  from  Iridaea.  It  also  hL 
se\  eral  bands  in  the  ultraviolet. 

Similar  observations  were  made  with  phycoeyanin.  In  phycocyanin 
■  om  a  Rhodophycea  (e.  g.,  Ceramium  rubrum  and  Porphyra  tenera )  Sved 
berg  and  Katsurai  (1929)  found  two  bands  in  the  visible  at  about  615  and 
550mM  and  ultraviolet  bands  at  355,  271  and  240  m„.  In  the  phycocyanin 

^  foundTnh 

band,  at  615  mg,  and  ultraviolet  bands  at  368  and  277  mg.  ‘ 
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Fig.  21.39.  Specific  absorption  spectra  of  phycoerythrins  from  different  algae 

(after  Svedberg  and  Eriksson  1932). 


.0 


Figure  21 .40  shows  the  extinction  curve  of  the  phycocyanin  I  rom  A  phan- 
izomenon  flos  aquae,  according  to  Svedberg  and  Katsurai  (1929). 

Using  Lemberg’s  estimate  of  2%  pigment  in  the  chromoproteid  (with 
a  molecular  weight  of  636  for  the  chromophore,  this  corresponds  to  one 
mole  pigment  in  3.2  X  10*  g.  of  the  complex)  we  can  convert  the  specific 
extinction  coefficients,  given  by  Lemberg  (1928,  1930)  and  Svedberg  and 
Katsurai  (1929)  into  molar  extinction  coefficients.  The  resulting  values 
(cf  Table  21.X)  are  exceptionally  high— up  to  3  X  10°,  as  again*  on  y 
10*  in  the  maximum  of  the  red  band  of  chlorophyll  and  1.5  X  10"  m  the 
maximum  of  the  main  absorption  band  of  the  carotenoids.  This  makes  the 
correctness  of  Lemberg’s  analytical  data  somewhat  doubtful.  Lemberg 
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(1930)  himself  noted  that  the  specific  extinction  of  the  phycobilins  is  ten 
times  stronger  than  that  of  hemoglobin — while  his  analysis  indicated  the 
presence  of  only  one  half  mole  pigment  per  Svedberg  unit  of  protein  in 
phycobilins,  as  against  one  mole  pigment  per  unit  of  protein  in  hemoglobin. 
If  Lemberg’s  analysis  is  in  error,  and  the  content  of  phycobilins  in  the 
chromoproteids  is  as  high  or  even  higher  than  that  of  hemin  in  hemoglobin, 
the  molar  extinction  coefficients  of  the  phycobilins,  given  in  Table  21. X 
will  have  to  be  proportionally  reduced. 


Table  21. X 


Estimated  Molar  Extinction  Coefficients  of  Phycobilins 
(in  the  Band  Maxima) 


Pigment 

State 

X,  m ft 

%ol. 

Observer" 

Phycoery  thrin . 

Pigment  in  HC1 
Chromoproteid  from 

495 

1.8  X  108 

L 

Ceramium 

Chromoproteid  from 

565 

2.6  X  105 

S,K 

Ceramium 

Chromoproteid  from 

565 

2.5  X  108 

L 

Porphyra 

565 

2.5  X  10s 

L 

Phycocyanin . 

Pigment  in  HC1 
Chromoproteid  from 

598 

ca.  108 

L 

Ceramium 

Chromoproteid  from 

615 

1.3  X  108 

S,K 

Ceramium 

Chromoproteid  from 

615 

2.0  X  105 

L 

Porphyra 

Chromoproteid  from 

615 

3.1  X  108 

L 

A  phanizomenon 

615 

2.6  X  108 

S,K 

.  “  L  =  Lemberg  (1928, 

1930).  S,K  =  Svedbe 

rg  and  Katsurai  (1929). 

,  ,  A  °f±  intensity  of  the  Phycocyanin  band  at  615  mM  with  that  of  the 

22  7  at  80  ;n  the  absorption  spectrum  of  live  Oscillatoria  cells  (cf.  fig 

Smberl  (1928)  *Z  ZZ'  Umher&’8  analyticaI  data.  According  to 

zit,v(trrd  t 

co,T,r  This  corresponds  to  as  iittle  as 

JSa  the ictrrnr the phhy,cryaT band — *■» « 

tion  coefficient  of  the  phy  „b  ,  “  £  "C’ ten H  T*** 

than  that  of  ohlorophyU^lZ  1  nreS. '  P"hapS  °ne  hundred'  «"»*  higher 
are  too  low.  J  ®  preter  to  assurao  tha‘  Lemberg’s  analytical  figures 

“  in  the  complex 

may  also  have  been  underestimated  (cf  chapter  15? page' 4lS)  ”  ‘h<!  (~°’5%> 
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Chapter  22 


LIGHT  ABSORPTION  BY  PIGMENTS  IN  THE  LIVING  CELL 


The  determination  of  light  absorption  in  solutions  or  other  homogeneous 
media  is  a  routine  measurement,  and  the  results  permit  a  simple  interpre¬ 
tation  (based  on  Beer’s  law)  in  terms  of  molecular  absorption  coefficients 
(also  called  “extinction  coefficients” — since  attempts  to  discriminate  be¬ 
tween  these  two  terms  have  not  been  successful  in  practice).  The  experi¬ 
mental  determination  of  the  absorptive  power  of  plants  is  less  simple,  and 
often  the  exact  meaning  of  the  results  is  problematical.  The  measurement 
of  light  energy  absorbed  by  leaves,  algal  thalli  or  cell  suspensions  is  com¬ 
plicated  by  scattering,  which  is  significant  not  only  in  multicellular  tissues, 
but  even  in  suspensions  of  single  cells  (because  the  dimensions  of  the  cells, 
~10-3  cm.,  are  larger  than  the  wave  length  of  visible  light,  ~5  X  10  5 
cm.).  The  interpretation  of  the  results  in  terms  of  the  absorption  constants 
of  the  pigments  is  complicated,  not  only  by  the  light  scattering  on  phase 
boundaries,  but  also  by  inhomogeneous  distribution  ol  pigments  in  cells  and 
tissues,  and  by  the  shifting  and  deformation  of  the  absorption  bands  caused 
by  adsorption  and  complexing.  Let  us  assume,  for  example,  that  we  ha\  e 
measured  the  energy,  I,  of  a  beam  of  light  falling  on  a  vegetable  object- 
leaf,  thallus  or  cell  suspension— and  the  energy,  I',  emerging  from  this 
object,  taking  care  to  integrate  the  latter  over  all  directions  so  as  to  include 
both  the  light  transmitted  forward  ( T )  and  the  light  reflected  backward 
(R),  and  thus  to  avoid  the  “gross”  errors  that  may  be  caused  by  scattering. 
If  now  we  try  to  apply  to  the  results  Beer’s  law: 


(22.1) 


/'  (=  T  +  R)  =  I  X  I0~acd 


with  the  intention  of  calculating  an  absorption  coefficient,  a,  we  find,  fils 
of  all,  that  scattering  has  made  the  length  of  the  path  of  the  light  in  the  a  >- 
sorbing  medium — d  in  eq.  22.1-indefinite  (even  its  average-Mestre  s  de¬ 
tour  factor”— is  not  constant,  but  depends  on  wavelength,  cf.  kok  19 18). 
In  the  second  place,  we  note  that  the  local  accunmlation  of  P'i^nts  in  the 
chloroplasts  has  made  the  concentration  of  absorbing  molecules  in  the  pa 

of  the  individual  light  beams-c  in  equation  (22.  cut 

beams  pass  between  the  chloroplasts  and  encounter  no  pigment  molecule 
at  aT(a  phenomenon  to  which  we  will  refer  later  as  the  “sieve  effect  ). 
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In  the  last  place,  if.  overcoming  these  two  difficulties,  we  succeed  in  obtain¬ 
ing  a  reliable  value  of  a,  it  is  an  average  absorption  coefficient  of  a  mixture 
of  several  pigments,  whose  individual  absorption  spectra  in  solution  we  may 
know,  but  whose  bands  are  variously  shifted  and  deformed,  in  the  living 
cell,  by  adsorption  and  complexing.  The  task  of  apportioning  the  total 
absorption  at  a  given  wave  length  to  the  component  pigments  (which  re¬ 
quires  the  knowledge  of  their  individual  absorption  coefficients  and  of  their 
distribution  in  the  cell)  often  proves  impossible  of  achievement,  except  by 
gross  simplifications. 

We  shall  deal  first,  in  part  A,  with  the  determination  of  the  amount  of 
light  energy  absorbed  by  plants,  and  then,  in  part  B,  with  the  spectroscopic 
properties  of  individual  pigments  in  vivo  and  their  contribution  to  the  total 
absorption. 


A.  Light  Absorption  by  Plants* 


1 .  General  Remarks 


In  working  with  solutions  in  plane-parallel  glass  cells,  the  determination 
of  the  absorbed  light  energy  {A)  requires  two  measurements:  Either  one 
measures  the  incident  light  flux  (/)  and  the  transmitted  light  flux  ( T ),  or, 
more  commonly,  one  compares  T  with  the  flux  T0  transmitted  by  a  blank 
cell  containing  pure  solvent.  A  is  calculated  by  one  of  the  following : 


(22.2a) 

(22.2b) 


A  =  I  —  T  or 
A  =  To  —  T 


Both  are  first  approximations.  Equation  (22.2a)  neglects  all  reflections-  a 

Zt:rrm:hm/fn  m  thiS  case  be  obtained  by  subtracting  from  / 
the  light  flux  reflected  from  the  front  wall  of  the  absorption  cell-  " 


(22.3) 


A  =  /(I  -  r)  _  T 


where  r  is  the  reflection  coefficient  of  the  cell  material.  However  reflec¬ 
tion  from  the  front  wall  is  only  part  of  the  total  reflection  in  the  cel)  to 
‘  e  our  equation  exact,  we  should  write,  in  place  of  (22.3) : 


(22.4) 


A  =  I  -  T  -  R 


meaning  by  R  the  total  reflected  flux. 
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of  the  weakening  that  light  suffers  in  passing  through  the  absorbing  me¬ 
dium).  A  second  approximation,  which  can  be  substituted  for  (22.2b),  is: 

(22.5)  A  =  To  -  T  +  /(I  -  r)[r(l  -  lO"20"1)] 

where  a  is  the  absorption  coefficient  of  the  solution  and  d  the  thickness 
of  the  cell.  In  this  equation,  consideration  has  been  given  to  one  reflection 
from  the  front  wall  (factor  1  —  r)  and  one  reflection  from  the  back  wall 
(factor  in  brackets).  However,  these  reflections  are  only  the  beginning  of 
an  infinite  series  (as  with  two  mirrors  on  opposite  walls).  The  exact  equa¬ 
tion  for  A  in  terms  of  the  properties  of  the  blank  cell  is: 


(22.6) 


A  =  {To  —  T)  +  {Ro  -  R ) 


where  R0  and  R  are  the  total  light  fluxes  reflected  by  the  blank  cell  and  the 
solution  cell,  respectively. 

If  a  and  r  are  known,  exact  values  of  T0,  T,  Ro  and  R  can  be  obtained 
by  the  summation  of  infinite  power  series. 

If  the  light  “trapped”  between  the  walls  leaves  the  cell  after  an  odd  number  of  pas¬ 
sages,  it  is  added  to  the  transmitted  flux;  if  it  escapes  after  an  even  number  of  passages, 
it  is  added  to  the  reflected  flux.  Consequently,  the  series  for  T  contains  only  even 
powers  of  r  and  odd  powers  of  10~“d,  and  the  series  for  R  only  odd  powers  of  r  and  even 
powers  of  10-“d.  (The  ratio  of  the  sums  for  T  and  T0  is  given  in  equation  22.12.) 


If  a  and  r  are  unknown,  R  (and  Ro)  must  be  determined  experimentally. 
Since  repeated  reflection  lengthens  the  average  path  of  the  light  in  the 
absorption  cell,  it  increases  absorption.  In  the  case  of  homogeneous  solu¬ 
tions  in  plane-parallel  glass  cells,  this  increase  represents  only  a  minor  cor¬ 
rection  (to  be  estimated  on  page  711) ;  we  mention  it  merely  to  illustrate 
the  complications  in  the  measurement  of  light  absorption  that  arise  from 
the  presence  of  phase  boundaries.  In  nonhomogeneous  systems,  the  com¬ 
plications  are  similar  in  principle,  but  much  more  important  quantita¬ 
tively  Reflections  are  not  only  more  numerous,  but  also  st.rongei  (because 
of  the  varying  angles  with  which  the  light  strikes  the  interfaces) ;  and  they 
are  supplemented  by  refractions  and  total  inner  reflections,  which  all  af¬ 
fect  the  length  of  the  path  of  the  light  beam  and  the  direction  in  which 

^^Leaves  'and'ihalli  are  heterogeneous  systems,  with  numerous  phase 
boundaries  between  air  channels,  cell  walls,  cytoplasm,  vacuoles,  plastids 
ancTstarcli  grains ;  and  the  passage  of  light 

is,  therefore,  a  very  complicated  Ph"m  It  ha be en  »P»  J 
cussed-by  Willstatter  and  Sto,,  (1918),  Briggs  (1.^),  ^ 

Seybold  and  y  (1939)  a’nd  Loomis  (1941,  1949),  among  others- 

srssr sss ....  -  *-*  «— — 
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A  suitable  statistical  theory  (cf.  page  713)  may  permit  the  calculation 
of  A  from  measurements  of  light  transmission  in  one  direction,  made  with 
two  or  more  different  optical  densities  of  the  scattering  material  (e.  g., 
with  a  series  of  several  leaves,  or  with  several  cell  suspensions  of  different 
concentration  or  layer  thickness).  However,  it  is  better  not  to  rely  on  such 
theoretical  equations,  but,  particularly  in  working  with  leaves  or  thalli, 
actually  to  measure  the  light  fluxes  transmitted  and  reflected  in  all  direc¬ 
tions.  Having  determined  experimentally  both  T  and  R,  one  can  use  the 
exact  equation  (22.4)  for  the  evaluation  of  A.  The  time  to  use  theoretical 
equations  for  combined  absorption  and  scattering  comes  when  one  is  not 
satisfied  with  the  knowledge  of  the  amount  of  absorbed  energy,  but  wants 
also  to  know  the  absorption  coefficients,  e.  g.,  as  indicators  of  the  molecular 
state  of  the  pigment  in  the  living  cell. 


Attempts  have  been  made  to  use  “blanks,”  for  example,  white  parts  of  variegated 
leaves  (cf.  Linsbaur,  1901,  Brown  and  Escombe  1905,  Weigert  1911,  Meyer  1939, 
and  Seybold  19321-2,  19331,  1934),  or  algal  thalli  from  which  the  pigments  had  been  ex¬ 
tracted  (cf.  Reinke  1886),  or  tissues  bleached  by  long  exposure  to  light  (cf.  Wurmser 
1926),  and  to  imitate  in  this  way  the  method  usually  applied  to  transparent  media.  In 
the  latter  case,  the  blanks  provide  an  automatic  correction  for  reflection  (cf.  page  673)  ; 
in  the  case  of  plants,  they  were  intended  to  provide  a  correction  also  for  scattering. 
However,  the  approximation  (22.2b),  which  is  generally  satisfactory  in  work  with  trans¬ 
parent  media,  may  give  entirely  erroneous  results  when  applied  to  optically  inhomogene¬ 
ous  systems.  This  was  pointed  out  by  Willstatter  and  Stoll  (1918)  and  Warburg  (1925) 
when  they  criticized  the  absorption  calculations  of  Weigert  (1911).  The  error  is  caused 
by  the  large  difference  between  the  fluxes  R  and  R0  (cf.  equation  22.6)  reflected  by  the 

ST  a,nd  thC  Colorless  leaf>  A  8reen  leaf  may  transmit  about  10%  and  reflect  another 
7o  of  incident  white  light,  while  a  similar,  pigment-free  leaf  may  transmit  50%  and 
re  ect  the  other  50%.  If  the  absorption  of  the  green  leaf  is  calculated  from  these  figures 

valueCa(80%)  iqUiltl°n  (22'2b)’  ^  ^  ^  A  =  4°%’  Which  iS  °nIy  °ne  half  the  C01Tect 

...  Therefore>  lf  one  wants  to  determine  absorption,  A,  by  comparison  of  a  green  leaf 
a  pigment-free  leaf,  one  has  to  use  the  complete  equation  (22.6),  i.  e.,  to  measure 
ie  f°urqumtiUes  T0,  R0,  T  and  R,  while  measurement  of  only  three  quantities  I  T  and 

t0  make  the, Same  dfrminati0n  With  a  leaf,  according  to  equation 
r  '  n;  -  thermore>  Hi  plant  work,  one  is  never  certain  whether  the  “blank”  is  entirely 
pigments:  According  to  Seybold  and  co-workers  (19331,  1942)  so-called  “white” 

abS°rb,  10~2?%  °f  «■—*  W  this  absorption  ^  be 
tenoMs  P  P'SmCntS'  °r  by  8  Sma"  quantity  of  ^dual  chlorophyll  or  caro- 


The  transmitted  light  flux  (T)  and  the  reflected  light  flux  (R)  can  both 
tiTn  o7the  H  ^  C°mponent'  T ■  or  R-  (light  transmitted  in  the  dh-ec 

flectil  aidt&ff,  ’  °r  refleCt6d  aCC01'ding  t0  the  laws  °f  sPe™l»  re- 

<22'7>  A  -  1  -  +  T*)  ~  (ft.  +  ffs) 
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Measurements  of  T  and  R  must  include  both  the  collimated  and  the  diffuse 
components. 

If  the  leaf  is  sufficiently  thick,  and  not  glossy,  it  acts  as  an  ideal  scatterer, 
i.  e.,  the  intensit}^  of  light  scattered  in  a  given  direction  is  proportional  to 


Fig.  22.1.  Angular  distribution  of  light  transmitted  and  reflected  by  a 
leaf  of  Coleus  blumei  (after  Loomis,  Carr  and  Randall  1941).  Reflection  is 
diffuse  and  obeys  the  cosine  law;  transmission  is  only  partly  diffuse  and 
therefore  deviates  from  the  cosine  law. 


I'i„  22  2.  Scattering  of  light  by  a  dense  suspension  of  C. Morelia  (in  vessel 
())  (after  Noddack  and  Eichhoff  1939).  Direction  of  incidence  A  -  B, 
Sia  a  presents  backward  scattering,  or  reflection  (R);  area  6  forward 
scattering  or  transmission  ( T ). 


the  cosine  of  its  angle  with  the  difection  of  the  incident  light.  Figure  221 
shows  the  angular  distribution  of  the  light  mattered  by .  »  «“££££* 
thin  leaf  of  Coleus.  This  leaf  transmits  some  collimate d  hgl  ,  (  • 

"eviati . 

“ —  and  transmission, 
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whereas  thick  leaves  with  glossy  surfaces  may  show  a  completely  diffuse 
transmission,  but  a  marked  specular  reflection. 

Figure  22.2  shows  the  forward  and  back  scattering  of  light  by  a  small 
vessel  containing  a  suspension  of  Chlorella  cells,  as  observed  by  Noddack 
and  Eichhoff  (1939).  The  sharp  peak  (C)  at  180°  is  caused  by  specular 
reflection  from  the  glass  wall. 

In  practical  work,  one  can  often  drop  the  distinction  between  T  and  R 
and  measure  the  total  scattered  flux  S  =  (T  +  R)  by  means  of  some  inte¬ 
grating  device: 

(22.8)  A  =  I  -  S 

An  example  is  the  study  by  Rabideau,  French  and  Holt  (1946)  of  the  ab¬ 
sorption  spectra  of  leaves  and  pigment  extracts. 


2.  Average  Transmittance  and  Reflectance  of  Leaves  and  Thalli  in 
White  Light.  Intensity  Adaptation  and  Movements  of  Chloroplasts 

The  first  measurements  of  the  proportion  of  white  light  transmitted  by 
leaves  were  carried  out  by  Sachs  in  1861.  Later  this  magnitude  was  meas¬ 
ured  by  Detlefson  (1888),  Linsbauer  (1901),  Brown  and  Escombe  (1905), 
Pure  vie  h  (Purjewitsch)  (1914),  Schanderl  and  Kaempfert  (1933),  Seybold 
(19321-,  19331-2,  1943),  Loomis,  Carr  and  Randall  (1941,1947,1949).  The 
transmittance  of  algae  was  investigated  by  Reinke  (1886),  Wurmser  (1921) 
and  Seybold  and  co-workers  (1934,  1942). 

The  first  measurements  of  the  reflectance  of  leaves  were  made  by  Co- 

109m  «  \91,2;  “?  "'ere  folloWed  by  those  of  Pokrovski  (1925),  Shull 
(1929),  Seybold  and  co-workers  (1932M933'-’,  1942, 1943)  and  Loomis,  Carr 

and  Randall  (  941,1949).  The  only  data  on  the  reflectance  of  algae  are 
those  ol  Seybold  and  co-workers  (1934,  1942,  1943) 

Brown  and  Escombe  (1905)  and  Purevich  (1914)  found  comparatively 

2  'l  !77  thC  °rder  °f  2°%-fo''  the  transmission  of  (inf  ared-f ree) 
ul  de  light  by  average  leaves.  Seybold  (1932)  suggested  hat  these  re 
su  ts  wore  falsified  by  the  inclusion,  in  the  measured  t  msmRted  flTx  rf 

Sevl  d  T  il  T  °f  tHe  'eaVeS-  In  aSroement  with  Pokrovski  (1925) 

10%  of  i nf  rared-fre^white  ligh t' ' ‘ '"Lin ve"  'ran8mite  not  more  than 

far  red  and  near  infrared  (c/  figs  ' 22  30  and3n  iT'  ,.ra,“purent  in  th* 
values  obtained  bv  means  „f  ,V  ,  ,  31)’  1  herefore>  transmission 

struments)  are  deceivingly  large  ™the  light  us  ^'f  mf?red'sensitive 
,isht’  - . -  -  -- 
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ture,  the  over-all  transmission  may  be  much  greater.  Selenium  barrier 
layer  photocells  (“photronic  cells”),  because  of  their  low  sensitivity  in  the 
infrared  and  in  the  far  red,  indicate,  in  direct  sunlight,  a  transmission  of 
only  5  to  10%,  depending  on  the  thickness  of  the  leaf  (c/.  Seybold  19321, 
and  Egle  1937). 

The  light  absorption  by  a  leaf  depends  on  its  thickness  and  the  concen¬ 
tration  of  the  pigments.  As  mentioned  above,  fully  green  leaves  transmit 
and  reflect  only  10  or  15%  of  incident  visible  light,  and  absorb  as  much  as 
85  or  90%;  on  the  other  hand,  green  onion  skins,  one  cell  thick,  transmit 
85%,  reflect  10%  and  absorb  less  than  5%  (Seybold  19322).  In  chapter  15 


Fig.  22.3.  Absorption  spectra  of  a  shade  leaf  and  a  sun  leaf  of  F agus  sylvatica 
(the  shade  leaf  contains  50%  more  chlorophyll  and  80%  more  carotenoids)  (after 
Seybold  and  Weissweiler  1943). 


(Vol.  I)  we  described  the  adaptation  of  plants  to  the  intensity  and  compo¬ 
sition  of  the  incident  light.  We  found  there  that  typical  shade  plants 
contain  two  or  three  times  more  pigment  than  typical  “sun  plants.”  The 
probable  purpose  of  this  “intensity  adaptation”  is  to  ensure  an  adequate 
supply  of  energy  to  plants  that  grow  in  the  shade,  or  to  algae  that  live  deep 
under  the  sea,  and,  inversely,  to  prevent  light  injury  to  plants  or  algae  ex¬ 
posed  to  direct  sunlight. 

There  is  no  doubt  that  the  presence  of  fucoxanthol  or  of  the  phycobi  ins 
in  brown,  red  and  blue  algae  has  considerable  influence  on  the  amount  o 
light  adsorbed ;  this  will  be  brought  out  in  detail  in  part  C.  1  he  effects  o 
variations  in  the  concentration  of  chlorophyll  are  much  smaller  Even 
“light-green”  plants  absorb  so  large  a  proportion  of  incident  light 
doubling  of  their  chlorophyll  content  can  increase  the  absorption  only  com¬ 
paratively  little.  Three  examples  can  be  found  in  our  illustrations.  Fig 
ure  22  3  shows  the  very  slight  enhancing  effect  that  a  50%  excess  of  chloro¬ 
phyll  and  80%  excess  of  carotenoids  have  on  the  absorptio  g 
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shade  leaf  of  Fagus,  as  compared  to  a  sun  leaf  of  the  same  species.  The  two 
lowest  curves  in  figure  22.14  indicate  a  sightly  larger  difference  between  the 
spectral  transmission  curves  of  a  dark-green  and  a  light-green  Hibiscus 
leaf.  Finally,  figure  22.10  illustrates  the  effect  of  extreme  variations  in 
chlorophyll  content,  such  as  occur  in  aurea  leaves.  Here,  a  few  per  cent 
of  the  normal  chlorophyll  content  (cf.  Table  15.1,  Vol.  I)  suffice  to  produce 
from  two  thirds  to  nine  tenths  of  normal  absorption  in  the  region  between 
520  and  700  mju. 

Without  varying  the  concentration  of  the  pigments,  many  plants  have 
it  in  their  power  to  adjust  the  light  absorption  by  the  displacement  or  re¬ 
orientation  of  the  chloroplasts.  These  tactic  reactions,  discovered  by  Bohm 
in  1856,  were  investigated  by  Stahl  (1880,  1909),  Senn  (1908,  1909,  1917, 
1919),  Liese  (1922)  and  Voerkel  (1933),  among  others.  It  was  found  that 
each  chloroplast  moves  independently,  i.  e.,  it  is  not  carried  by  streaming 
of  the  protoplasm.  In  moderate  light,  the  chloroplasts  gather  on  the  illumi¬ 
nated  tront  walls  and  orient  themselves  so  as  to  present  their  large  cross- 


Epistrophe 


Apostrophe 


Antistrophe 


Diastrophe 


Parastrophe 


Fig.  22.4.  Schematic  representation  of  different  chloroplast  orientations  (after 
Benecke  and  Jost  1924).  Arrows  show  direction  of  light,  incidence. 

feuren224°  Tl  ("antistr0Phe’”  “^ophe”  and  “diastrophe”  in 
fa  d  d  he  fir  T  18  produeed  by  one-sided,  and  the  other  two  by 
Uvo-stded,  illumination).  In  strong  dived  light,  on  the  other  hand  the 

moving  bodily  2  h i  t 2  '  Ft  ^  ^  InS,ead  of 

fuse  light,  they  ^  dif‘ 

protrudeinto  the  cytoplasm  without  I  •  '  hereas  ln  weak  l‘ght  they 

.  ipiasm,  Without  losing  contact  with  the  walls.  Illu. 
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mination  with  strong  parallel  light  may,  however,  produce  antistrophe  in 
these  cells  as  well. 

Obviously,  the  effect  of  parastrophe  is  to  decrease,  and  that  of  epis- 
trophe,  antistrophe  or  diastrophe  to  increase  the  absorption  of  light.  How 


Fig.  22.5.  Chloroplasts  in  Funaria 
(after  Voerkel  1933):  above,  in  light 
(epistrophe) ;  below,  in  darkness  (apos¬ 
trophe). 


Fig.  22.6.  Changes  in  light 
transmission  through  leaves  of 
Tradescantia  viridis,  caused  by 
chloroplast  orientation  and 
starch  formation  (after  Schan- 
derl  and  Ivaempfert  1933). 


f„llv  I  his  can  be  achieved  is  illustrated  by  figure  22.5,  which  shows 
r0r«atlls  change  their  appearance  upon  transition  from  eprstrophe 

to  apostrophe.  ,  •  ,•  ht  Gf  different  intensity, 

Differences  in  the  actually  observed 

caused  by  the  legi  ouping  0Q)  a  quantitative  investigation 

by  Detlefson  (1888)  and  Stahl  (1880  1JC •  >•  A  d  shown 

was  made  by  Schanderl  and  Kaempfert  (1933),  typical 
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in  Table  22.1.  This  table  indicates  that  in  blue-violet  light  increase  in 
transmittance  may  be  by  as  much  as  one-third  (from  19  to  25%). 


Table  22.1 


Transmittance  ok  a  Leaf  of  Adiantum  cuneatum 
(after  Schanderl  and  Kaempfert  1933) 


White 

light 

Red 

Yellow 

Violet 

(including 

and 

and 

and 

Light  exposure 

infrared) 

infrared 

green 

blue 

In  diffuse  room  light,  % . 

31 

34 

16 

19 

After  4  hr.  exposure  to  sun,  %. . .  . 

37 

42 

18 

25 

With  some  plants  (e.  g.,  Tradescantia  viridis )  Schanderl  and  Kaempfert 
found  a  reversal  of  the  effect  after  the  first  half  hour  of  illumination  (c/. 
fig.  22.6);  they  attributed  it  to  increased  scattering,  caused  by  the  forma¬ 
tion  of  starch  grains. 

Schanderl  and  Kaempfert  did  not  prove  that  increased  transparency  of  sun-exposed 
leaves  was  due  entirely  to  reorientation  of  the  chloroplasts,  and  not,  e.  g.,  to  a  partial 
bleaching  oi  the  pigments.  However,  the  results  of  Willstatter  and  Stoll  (1918),  which 
showed  no  change  in  chlorophyll  concentration  after  strong  illumination  ( cf .  Vol.  I, 
chapter  19,  page  549),  argue  against  the  second  explanation. 


Fig.  22.7. 


Orientation  of 


chloroplasts  in  F unaria  in  light  of  different 
(after  Voerkel  1934). 


color 


“  * ,i-  - ^  sis- 
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(a)  ( b ) 

Fig.  22.8.  Leaves  of  Naegelia  zebrina  (after  Mecke  and  Baldwin  1937).  Normal 
leaves,  left;  water-filled  leaves,  right;  photographed  on  (a)  panchromatic  plate  and  on 
(6)  infrared-sensitive  plate  (max.  850  m m).  Increase  of  transmittance  by  decreased 
scattering  best  recognizable  on  the  infrared  photograph. 


Fi ur  22  9  Leaf  of  Tussilago  farfara  on  black  background  (after  8c  an- 
derl  and  Kaempfert  1933).  Dark  sections  imbibed  w.th  water,  thereto, e 
more  transparent  than  the  air-filled  section. 
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that  the  whole  phenomenon  is  unrelated  to  photosynthesis,  since  in  natural 
light  fields,  red  light  does  not  occur  without  the  presence  of  some  blue- 
violet  light  as  well. 

Detlefson  (1888)  and  Purevich  (1914)  found  that  leaves  become  less  transparent 
in  the  presence  of  carbon  dioxide,  but  Ursprung  (1918)  was  unable  to  confirm  this  result. 
This  effect,  if  at  all  real,  could  be  attributed  to  increased  formation  of  starch  grains. 


Scattering  of  light  in  leaves  can  be  decreased  by  injection  of  water  into 
the  air  channels  (e.  g.,  by  evacuation  under  water;  cf.  figs.  22.8  and  22.9). 
According  to  Seybold  (19332),  water-filled  leaves  of  land  plants  (as  well  as 
those  of  aquatic  plants  of  the  type  of  Elodea )  transmit  about  twice  as  much 
light  as  air-filled  leaves.  For  example,  a  submerged  leaf  of  Potomageton 
alpinus  was  found  to  transmit  as  much  as  22%  of  white  light  (Seybold 
1932);  similar  figures  were  obtained  by  Seybold  (1934)  for  the  transmis¬ 
sion  by  algae  ( Chlorophyceae ,  Phaeophyceae  and  Rhodophyceae) .  In¬ 
creased  transparency  of  water-filled  leaves  or  thalli  is  due  to  reduced  dif¬ 
fuse  leflection  (5%  instead  of  >  10%),  rather  than  to  weaker  absorption. 
As  a  rough  approximation,  it  can  be  assumed  that  average  land  leaves 
transmit  10%  of  (infrared-free)  white  light  (400-700  m/x),  reflect  10%  and 

absorb  80%;  while  average  aquatic  plants  or  algal  thalli  reflect  5%,  trans¬ 
mit  15%  and  absorb  80%. 


Loomis  (1947)  found,  lor  28  species  of  leaves,  transmissions  between  2 
and  9%,  and  reflections  of  the  same  order  of  magnitude.  Yellow  tobacco 
leaves  transmitted  -  30%  of  visible  light,  and  light  yellow  leaves,  36%  of 
visible  and  53%  of  total  sunlight.  Normal  leaves  of  Nicotiana  and  Quercus 
transmitted  5-7%  of  visible,  and  25-30%  of  total  sunlight. 

According  to  Seybold,  a  single  chloroplast  transmits  from  30  to  60% 
of  visible  light  (depending  on  spectral  distribution),  absorbs  30  to  60%  and 
effects  about  10%.  As  mentioned  in  chapter  19  (Vol.  I)  an  average  leaf 
con  ains  the  equivalent  of  from  five  to  ten  complete  layers  of  chloroplasts- 
esc  can  easi  v  account  for  the  above-estimated  absorption  of  80%  of  the 

MF°r  a,  rtri,ed  dlSCUSSi0"  °f  **  ***  absorption  hi 
Weiiweiler  (^3)  '  "  eCU'eS  "  P‘aStideS’  866 


sometimes  depends  uponthemjgll™  h!ckfenc7  “whenth?  ".'aterials'  the  al»orption 
diffuse  light  may  be  different  from  that  of  r  'ir  1.  ?  f  1S  the  CaSe  the  absorPtion  of 
search  for  such  an  effect  iX  but  whh™,  Seybold  (1933!>  * 

leaves  are  such  strong  scatterers  that  collim  .t  '  l  fU“ess'  The  reason  Probably  is  that 
pletely  diffuse  light,  long  before  it  emerges  fro”!  the  feaSfC0“Verted  into  Pracfcally  «>m- 
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3.  Absorption  by  Nonplastid  Pigments 

W  lien  the  total  absorption  of  light  by  a  leaf,  thallus  or  cell  suspension 
has  been  determined,  the  question  arises  as  to  what  part  of  this  absorption 
is  due  to  the  chloroplast  pigments.  It  has  been  assumed  by  many  authors 
-from  Reinke  (1886)  to  Noddack  and  Eichhoff  (1939)— that  a  certain 
part,  of  the  absorption  of  white  light  in  plants  is  due  to  the  “colorless” 
parts  of  the  tissue,  the  cytoplasm,  cell  sap,  nuclei,  starch  and  cellulose. 
Seybold  arbitrarily  ascribed  one  eighth  of  the  total  absorption  to  these 
components,  and  seven  eights  to  the  chloroplast  pigments.  An  absorption 
curve  of  a  white  Pelargonium  leaf,  given  by  Seybold  and  Weissweiler  (1942), 
shows  considerable  absorption  near  the  blue-violet  end  of  the  visible  spec¬ 
trum. 

Of  course,  no  really  colorless  substance  can  absorb  visible  light.  But  the 
plant  cells  contain  coloring  materials  associated  with  the  cell  walls  or  with 
the  cell  sap  rather  than  with  the  plastids,  such  as  flavones,  tannins,  etc. 
Some  of  these  substances  are  only  weakly  colored — usually  yellow;  others, 
although  intensely  colored,  are  present  only  in  small  quantities,  as  com¬ 
pared  to  the  plastid  pigments.  In  some  species,  however,  flavones  and 
anthocyanines  are  so  abundant  as  to  give  the  leaves  a  striking  red  color 
(leaves  of  the  purpurea  variety,  and  many  young  leaves  in  the  spring). 
The  color  of  these  leaves  advertises  the  fact  that  much  of  the  light  energy 
they  absorb  goes  to  nonplastid  pigments. 

Figure  22.10  shows,  as  an  example,  the  spectral  transmission  and  re¬ 
flection  curves  of  three  varieties  of  Corylus  avellana,  normal,  aurea  and 
purpurea.  Curves  1  and  2  illustrate  the  effect  on  light  absorption  of  ex¬ 
treme  variations  in  the  concentration  of  chlorophyll  (c/.  page  678),  while 
curve  3  shows  the  considerable  increase  in  absorption,  particularly  in  the 
green,  caused  by  the  presence  of  anthocyanines  in  purpurea  leaves.  (Light 
absorption  in  aurea  and  purpurea  leaves  will  again  be  discussed  in  chap¬ 
ters  28  and  30,  in  relation  to  the  yield  of  photosynthesis.) 

As  far  as  green  leaves  and  algae  are  concerned,  the  part  icipation  of  non¬ 
plastid  pigments  in  light  absorption  remains  a  moot  question.  It  probably 
varies  widely  from  species  to  species.  For  example,  according  to  Thimann 
(unpublished),  leaves  of  Phaseolus  vulgaris  contain  a  large  quantity  of  yel¬ 
low,  water-soluble  pigments.  The  same  is  true  of  the  needles  of  the  coni¬ 
fers  (Burns  1942).  ,  , 

It  was  mentioned  above  (page  675)  that  “white”  leaves  may  absorb 

10  or  20%  of  incident  white  light  (Seybold  1933 S  194- ,  cf.  fig.  • 
absorntion  too,  is  probably  due  to  nonplastid  pigments. 

Most  investigators  who  measured  the  yield  of  photosynthesis  m  rela¬ 
tion  to  the  amount  of  absorbed  light  silently  assumed  that  the  absorption 
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by  the  nonplastid  components  was  negligible;  but  this  assumption  is  not, 
or  is  not  always,  justified,  particularly  in  work  with  blue-violet  light.  It  is 
therefore  advisable  to  ascertain,  before  undertaking  quantitative  work  on 
photosynthesis,  whether  the  plants  chosen  are  free  from,  or  at  least  poor 
in,  nonplastid  pigments. 


WAVE  LENGTH, 


Fig  22. 10.  Spectra  of  normal  (curves  1),  aurea  (curves  2)  and  pur¬ 
purea  (curves  3)  leaves  of  Corylus  avellana  (after  Seybold  and  Weiss- 
weuer  1942).  (a)  Transmission  curves,  (6)  reflection  curves,  (c)  ab- 
sorption  curves.  New  absorption  curves  of  yellow,  red  and  white  air- 

Wet,teUeT(W4e3.)aVeS  *“  ^  “  the  *  Sf*bold  “d 


the  rsirr to  ,drraine  the  absOTpu™  *  ■<«■*  ^ 

elusion  may  be  correct  but  the  meth  id*  ^  iC°nC,  uded  that  is  neghgible.  This  con- 
correct,  but  the  method  employed-eomparison  with  the  absorption  by 
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cells  bleached  with  bromine  does  not  appear  reliable,  since  bleaching  by  bromine  may 
not  be  restricted  to  plastid  pigments. 

It  was  suggested  that  the  proportion  of  the  total  light  absorption  by  leaves  due  to 
plastid  pigments  can  be  determined  by  extracting  the  latter  and  comparing  the  absorp¬ 
tion  of  the  extract  with  that  of  the  original  leaf.  Timiriazev  (1885)  and  Lazarev  (1924, 
1927)  based  this  suggestion  on  the  assumption  that  the  absorption  of  white  light  by  ex¬ 
tracted  pigments  is  about  equal  to  the  absorption  by  the  same  pigments  in  the  leaf. 
However,  light  scattering,  “sieve  effect”  and  band  shifts  can  make  the  two  magnitudes 
quite  different.  True,  some  of  these  factors  enhance  the  absorption,  while  others 
weaken  it,  but  it  would  be  an  unusual  coincidence  if  the  net  result  were  exactly  nil. 
Experimentally,  Noddack  and  Eichhoff  (1939)  found  that  the  increased  absorption  by 
live  Chlorella  cells  in  the  far  red  almost  exactly  compensates  for  the  decreased  absorption 
in  the  region  520-680  m m  ( cf .  fig.  22.21);  but  Seybold  and  Weissweiler  (1942)  could  not 
confirm  this  result,  and  found,  to  the  contrary,  that  throughout  the  visible  spectrum  the 
absorption  by  live  cells  is  more  complete  than  that  by  the  extracts. 

B.  Spectral  Properties  of  Plants* 

1.  Empirical  Plant  Spectra 

It  is  clear  from  the  preceding  discussion  that  what  is  usually  called  a 
“leaf  spectrum,”  or  even  a  “spectrum  of  a  cell  suspension,”  is  not  the  true 
spectrum  of  the  pigments  contained  in  these  materials  (meaning  by  “true 
spectrum”  the  plot  of  the  absorption  coefficient  of  the  pigment  mixture 


Fig  22  1 1  Transmission  and  reflection  spectrum  of  a  leaf  of  Parie- 
taria  officinalis  (after  Seybold  and  Weissweiler  1942). 

*  Bibliography,  page  737. 
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Fig.  22.12.  Transmission  (Tg),  reflection  (Rg)  and  absorption  ( Ag )  of  light  by 
a  green  leaf  of  Pelargonium  zonale ,  and  the  corresponding  constants  for  a  white 
leaf  (index  w)  (after  Seybold  1933).  The  figure  indicates  considerable  absorp¬ 
tion  by  “white”  leaves,  particularly  in  the  blue-violet  region.  For  other  absorp¬ 
tion  curves  of  “white”  leaves,  see  Seybold  and  Weissweiler  (19431). 


(after' ’VT>  °f  leav<!s  of  •»<•  AcOa 

(  t  Meyer  1939).  Absolute  values  of  ordinates  adjusted  to  give  best  agreement 
with  spectrum  of  extracted  pigments.  agreement 


gainst  wave  One  may  measure  7,  T  and  R  (or  S  =  T  +  R) 

plot  7  7,  B/7,  or  A/I  (=  [7  —  (T  +  77)1/7  —  rr  _  oi/n  ■  ’ 

length  X  and  /.oil  ft  U-  V  ^  ]/  V  b J /!)  against  wave 

8  ’  ’  "d  Ca"  the  resuIt,n8  “transmission  spectra,”  “reflection 
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Fig.  22.14.  Transmission  (T/I)  of  dark-green,  light-green  and  yellow  leaves  of 
Hibiscus  rosa-sine?isis,  and  of  equivalent  quantities  of  pigments  in  ether  (after  Loomis, 
Carr  and  Randall  1941).  With  allowance  for  reflection,  the  leaves  absorbed  more 
light  than  the  extracted  pigments  in  the  green  part  of  the  spectrum,  and  less  in  the  blue 
and  red. 
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WAVE  LENGTH,  m M  WAVE  LENGTH,  m/i 

Fig.  22.16.  Leaf  and  chloroplast  absorption  spectra  (on  a  log  density  basis  and  ad¬ 
justed  to  the  same  height  at  670  m/x)  (after  Rabideau,  French  and  Holt  1946).  The 
Beckman  curve  of  the  chloroplastin  solution  (chloroplasts  disintegrated  by  supersonics) 
is  an  /  -  T  plot  (i.  e.,  it  represents  absorption  plus  scattering);  the  Ulbricht  sphere 
curve  is  an  /  —  T  —  R  plot  (pure  absorption).  An  absorption  curve  of  Chlorella  (after 
Emerson  and  Lewis)  and  a  photosynthesis  action  curve  (after  Hoover  et  al.)  are  given 
for  comparison. 


Fig.  22.17.  Transmission  spectra 
of  water  plants  (after  Seybold  1934). 


*  * °r  an  absorption  curve  of  Ulva 
and  Weissweiler  (19431). 


Fig.  22.18.  Transmission  T,  absorp¬ 
tion  A  and  reflection  R  by  green  alga 
Monostroma.  Absorption  curve  D  of  red 
alga  Delesseria  given  for  comparison 
(c/.  fig.  22.20)  (after  Seybold  1934).* 


laduca  and  its  extracted  pigments,  see  Seybold 
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Fig.  22.19.  The  transmission  spectra 
of  brown  algae  (after  Seybold  1934). 
Maximum  of  transmission  is  at  600  rap 
instead  of  ~550  mju  as  in  green  plants 
and  algae  (figs.  22.17-18)  because  of 
the  presence  of  fucoxanthol.  For  ab¬ 
sorption  curves  of  Fucus  and  Laminaria, 
see  Seybold  and  Weissweiler  (19431). 


Fig.  22.20.  Transmission  T,  reflec¬ 
tion  R  and  absorption  A  of  the  red 
alga  Delesseria  (according  to  Seybold 
1934).  More  recent  curves  for  Delesseria 
and  Porphyra  are  given  in  Seybold 
(1943);  for  Iridaea  and  Gigartina,  see 
Van  Norman,  French  and  Macdowall 
(1948). 


WAVE  LENGTH,  m/i 


Fig.  22.21.  Absorption  spectra,  (I  -  S)/I  -  (/  J  o^cells 

ella  suspension  (after  Noddack  and  Eichhoff  1939).  About  1. 
and  1  6  X  lO-  g.  chlorophyll  a  and  6  in  1  ml.  A,  35  ml.  pigment  extract 
in  a  vessel  3.90  cm.  thick;  B,  cell  suspension,  same  volume,  same  vesse  . 
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spectra”  or  “absorption  spectra,”  respectively;  or  one  may  use  colorless 
specimens  as  “blanks,”  determine  T0  and  R0  (or  S0  =  T0  +  Ro),  plot  T/T0, 
R/Ro  or  S/So  against  X  and  designate  these  curves  as  “transmission,” 
“reflection”  or  “absorption”  spectra,  respectively — but,  although  each  of 
these  plots  is  legitimate  as  representation  of  a  certain  property  of  the 
specimen  investigated,  they  are  all  different.  (For  example,  fig.  22.11,  p. 
686,  shows  the  transmission  spectrum  and  the  reflection  spectrum  of  the 
same  leaf.)  The  true  absorption  spectrum  on  the  other  hand  is  an  intrinsic 
property  of  a  molecular  species  (or,  in  the  case  of  a  mixture,  the  average  of 
intrinsic  properties  of  several  molecular  species). 

We  will  discuss  the  quantitative  analysis  of  the  empirical  “leaf  spectra” 


Fig.  22.22.  Transmission  spectrum  of 
(T0/T)  Chlorella  suspension  (after  Emer¬ 
son  and  Lewis  1943). 


Fig.  22.23.  Transmission  spectrum 
(T0/T)  of  suspension  of  Chroococcus 
(blue  alga)  (Emerson  and  Lewis  1943). 


or  “cell  spectra”  below,  in  section  4.  First,  we  will  present  a  selection  of 
experimental  results,  and  discuss  their  qualitative  aspects. 

0f  la,nd  p,antS  have  been  colIected  by  Ivanovski 

920  I  L  nit  ut0"  (1M8)’  UrsP™nS  (1918),  Wurmser 
inon  Lublmenko  (1927),  Seybold  and  co-workers  (19321-2  1933  1934 

3A  942k  ’  1943)’  Meyel'  (1939)>  Loomis  *  (1941  1949)  il  ina  (1946)’ 

“e  “lAT'  am0Dg  0therS'  The  ”  “  t°  «89 

a  e  irom  some  of  the  more  recent  investigations.  Figure  22  17  shows 
toe  transmission  spectrum  of  the  water-filled  leaves  of  the  aquatic  plants 
Elodea  and  Potorrmgeton,  according  to  Seybold  (I'mi  Tl., P  . 

“ser  a9^inke  As6)t®ngelmann“ 

era  (1934,  1942M,  1943)!  Figures  22.18-22.20  show  cu  “s  AeTby 
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the  last-named  observer.  Transmission  spectra  of  suspensions  of  unicellu¬ 
lar  algae  were  studied  by  Noddack  and  Eichhoff  (1939),  Katz  and  Wassink 
(1939),  Emerson  and  Lewis  (1941),  Wassink  and  Kersten  (1946),  Van 
Norman,  French  and  Macdowall  (1948)  and  Tanada  (1951).  Several  such 
curves  are  reproduced  in  figures  22.21-22.24. 

Albers  and  Knorr  (1937)  measured  the  absorption  spectra  of  single 
chloroplasts,  in  the  narrow  region  664-709  mu  ( cf .  fig.  22.35).  Vermeulen, 
Wassink  and  Reman  (1937),  Katz  and  Wassink  (1939),  Wassink,  Katz  and 


Fig.  22.24.  Transmission  spectrum  (T0/T)  of  Oscillatoria  (blue  alga)  (after  Katz  and 
Wassink  1939).  Curve  1,  cell  suspension;  curve  2,  chlorophyll  extract. 


Dorrestein  (1939)  and  French  (1937,  1940)  observed  the  transmission  spec¬ 
tra  of  purple  bacteria  (figs.  22.25  to  22.28).  _  .  ,  , 

Egle  (1937)  and  Loomis,  Carr  and  Randall  (1941)  invest] gated  the  trans- 

mission  and  reflection  of  leaves  in  the  infrared.  Figures  22.29  and  22.30 
show  that,  from  800  to  1300  mg,  T  +  R  accounts  for  85  or  90%  of  the  inci¬ 
dent  light  in  the  (comparatively  thin)  potato  leaf,  and  for  75  or  85  %  m  t 
(0.6  mm.  thick)  leaf  of  Ficus  elaslica.  This  region  includes  most  of  he 
infrared  radiation  of  the  sun  that  reaches  sea  level.  (About  75%  of  the 
latter  belong  to  the  region  700  to  1500  mg.)  Absorption  bands  at  and 
above  1  5  g  shown  in  figures  22.29  and  22.30,  are  due  to  water  and  carbon 
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Fig.  22.25.  Transmission  spectrum  ( T0/T )  of  a  Chromatium  suspension 
(after  Vermeulen,  Wassink  and  Reman  1937). 


kig.  22.26.  Absorption  curve  of  ex¬ 
tracted  pigment  (broken  line)  compared 
with  transmission  curve  of  pigment  in 
live  cells  of  Streptococcus  varians  (strain 
CU)  (after  French  1940).  Absorption 
bands  of  extracted  pigment  shifted  to 
let  maxima  coincide  with  those  of  the  live 
cells. 


Idg.  22.27.  Relative  absorption  curve 
of  the  pigments  of  Spirillum  rubrum  in 
living  bacteria  (measured  photoelectric- 
ally  using  a  scattering  control  of  bleached 
bacteria)  (after  French  1937). 
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dioxide.  Altogether,  green  plants  absorb  comparatively  little  light  above 
700  mu  in  the  region  where  absorption  would  probably  be  useless  for 
photosynthesis,  but  could  cause  strong  heating. 


Fig.  22.28.  Absorption  spectra  of  pigments  of  green  sulfur  bacteria  in  the  red 
and  infrared  region  (after  Katz  and  Wassink  1939). 


Fig  22  29  Transmission  and  reflection  of  near  infrared  by  potato  leaf  (Sol¬ 
arium  tuberosum)  (after  Loomis,  Carr  and  Randall  1941).  Note  absorption  bands 
due  to  water,  >  1300  m ju,  but  very  low  absorption  (reflection  +  transmission  - 
90-100%)  in  the  800  to  1300  m/*  region,  which  contains  most  of  the  near  infrared 

rays  of  sunlight. 

Figure  22.31  illustrates  the  “whiteness”  of  leaves  and  conifer  needles  in 
the  near  infrared,  by  a  comparison  of  the  reflection  of  infrared  light  by 
leaves  with  that  by  a  sheet  of  white  paper.  According  to  Mecke  and  Bald¬ 
win  (1937)  this  lack  of  absorption  (rather  than  infrared  fluorescence) 
causes  the  striking  brightness  of  vegetation  on  infrared  landscape  photo- 
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Fig.  22.30.  Transmission  and  reflection  of  near  infrared  by  a  rubber  leaf 
( Ficus  elastica )  (after  Loomis,  Carr  and  Randall  1941).  This  thick  (0.8  mm.) 
leaf  has  normal  reflection,  but  shows  rather  general  absorption  in  the  transmission 
spectrum. 


Fig.  22.31. 


Leaves  photographed  in  infrared  light  on 
Loomis,  Carr  and  Randall  1941). 


white  background  (after 
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Fig.  22.31  A.  Summer  landscape  photographed  in  infrared  light  (after  Mecke  and 

Baldwin  1937). 


graphs  (fig.  22.31  A).  Figure  22.32  shows  the  reflection  spectra  of  three 
leaves  of  the  same  species,  but  of  different  ages,  as  given  by  Shull  (1929). 

Table  22.11 

Reflection  Transmission  and  Absorption  of  Light  by  Leaves 

of  Fraxinus  excelsior  (after  Pokrovski  1925) _ _ 

^  500  550  600  ^ 

Reflected,  % .  25  41  J*  77  ! 

Transmitted,  % .  6.4  8.6  17.5  12  4  •  • 

Absorbed,  % .  91.1  87.3  71.0  79.2 _ 82_2 _ 8T8_ 

The  figures  of  Pokrovski  (1925),  given  in  Table  22.11,  illustrate  the 

fate' of  light  of  different  wave  lengths  falling  on  a  leaf  of  Fraxinus  excelsior. 

% 

Figure  22.33  shows  the  reflection  spectra  of  autumnal  leaves  of  different  colors 
(averages  for  20-80  different  species),  as  given  by  Loomis,  Carr  anil  Rani  a  (  )• 

o  ,  nqa.\  observed  that  the  position  of  the  absorption  maximum  of  chlorophjl  is 
Sitd  to  about  *60  probably  indicating  the  iiberaUon 

of  Chlorophyll  from  the  pigment-protein-lipide  complex  present  m  photosynthet.cally 
active  cells. 
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Two  characteristics  strike  the  eye  in  all  the  above-reproduced  curves; 
the  shift  of  band  maxima  toward  longer  waves  (as  compared  with  their 
position  in  solution  spectra),  and  the  diffuse  appearance  of  all  bands,  leading 
to  considerable  absorption  (or  apparent  absorption)  in  those  legions  (green 
and  extreme  red)  where  pigment  solutions  are  almost  completely  tians- 
parent.  Of  these  two  characteristics,  the  first  one  can  be  safely  attributed 
to  changes  in  the  intrinsic  absorption  curves  of  the  pigments  in  the  cell  (c/. 
page  698).  The  shapes  of  the  bands,  on  the  other  hand,  are  affected 
largely,  but  probably  not  exclusively,  by  scattering,  “sieve  effect,”  and 
other  phenomena  of  geometrical  optics. 


WAVE  LENGTH, 


I*  ig.  22.32.  Reflection  ( R/I )  of  leaves  of 
Tilia  americana  (after  Shull  1929). 


Fig.  22.33.  Average  reflection  from 
green  and  fall-colored  leaves  (after 
Loomis,  Carr  and  Randall  1941).  20- 
80  species  averaged  for  each  curve. 


2.  Band  Maxima  of  Chlorophyll  and  Bacteriochlorophyll  in  the  Spectra  of 

Living  Plants 

(a)  Red  Band  of  Chlorophyll  a 

™Thyl!  r  reSp°n,siWe  for  Pr,actically  all  absorption  of  green  plants 
abore  550  m*  (cf.  page  719),  and  the  main  red  absorption  peak  of  chloro- 

h  :‘S;el0gnTbe  "\a,“  Pknt  Spectra'  Hagenbach  in  1870,  noticed 
that  this  peak  is  displaced  by  about  20  mM  toward  the  infrared  compared 

r  ‘taposltloninether>  alcohol  or  similar  solvents;  andGerland  in  1871 

bands  in  theVeU If  ^  other-  '«*  P^miuent,  chlorophyll 

bands  m  the  yellow  and  orange  part  of  the  spectrum. 
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Timiriazev  (1872),  in  an  early  discussion  of  the  effect  of  scattering  on 
the  spectrum  of  leaves,  suggested  that  scattering  may  not  only  broaden 
the  absorption  bands,  but  also  shift  their  maxima.  However,  the  attribu¬ 
tion  of  the  “red  shift”  to  scattering  is  not  permissible,  as  shown,  e.  g.,  by 
the  return  of  the  red  band  to  the  position  it  occupies  in  solution,  after  soak¬ 
ing  the  leaves  with  ether,  or  immersing  them  in  boiling  water  (fig.  22.34) 
(Willstatter  and  Stoll  1918,  Seybold  and  Egle  1940,  Seybold  and  Weiss- 
weiler  1942).  These  treatments  do  not  dissolve  the  pigments,  and  do  not 
make  the  tissues  more  homogeneous;  they  merely  destroy  the  association 


Fig.  22.34.  Effect  of  boiling  and  immersion  Fig.  22.35.  Absorption  spectra 

in  ether  on  transmission  spectrum  of  a  Parie-  of  single  Protococcus  chloroplasts 
taria  leaf  (after  Seybold  and  Weissweiler  (after  Albers  and  Knorr  1937). 

1942). 


of  chlorophyll  with  proteins  and  lipides.  Drying,  on  the  other  hand, 
which  changes  the  scattering  of  light  by  leaves  to  a  much  larger  extent 
than  immersion  in  hot  water,  does  not  affect  the  position  ol  the  red  band 

maximum  (Seybold  and  Egle  1940).  , 

The  conclusion  that  the  position  of  the  red  absorption  peak  in  the  liv¬ 
ing  cell  is  not  affected  by  scattering,  is  confirmed  by  determinations  of  the 
absorption  spectra  of  single  Euglena  cells  (Baas-Becking  and  Ross  1925), 
and  of  single  chloroplasts  (Albers  and  Knorr  1937).  Figure  22.35  shows 
that  the  absorption  maximum  of  single  Protococcus  chloroplasts  lies  close 
to  680  mu,  i.  e.,  in  the  same  region  as  in  whole  plants.  , 

Scattering  effects  must  be  weaker  than  in  leaf  spectra  not  only  m 
spectra  of  single  cells,  but  also  in  tho^  of  ce>l  suspensmn^ 
spectra  were  reproduced  above  (cf.  figs.  22.^1 
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Table  22.III 

Absorption  Maxima  in  the  Spectra  of  Living  Cells 


Position  of 


Plants 

Observer 

Type 

of 

spectrum0 

Main  red 
maximum, 
X,  mu 

Other 

bands 

(approx.) 

Land  Plants 

Fatsia  (fig.  22.13) . 

Meyer  (1939) 

T 

677 

486,  468,  440 

Hibiscus  (fig.  22.14) . 

Loomis  (1941) 

T 

665 

470 

Pelargonium  (fig.  22.12) .... 

Seybold  (1932) 

A 

670 

580,  480,  440 

Tilia  (Fig.  22.32) . 

Shull  (1929) 

R 

678 

500-480; 

460-430; 

Eight  spp.  (figs.  22.15,  16).. 

Ralideau,  French 

A,  R 

670-680 

• 

660-690; 

and  Holt  (1946) 

600-620; 

588-580 

Fifty  different  spp . 

Lubimenko  (1927) 

T 

663-690 

Cf.  below 

Various  spp . 

Seybold  (1942) 

T 

678-684 

R 

680-684 

Aquatic  Plants 


Potomageton  (fig.  22.17) . 

Seybold  (19342) 

T 

667  440,  420 

Algae 

Chlorella  (fig.  21.29) . 

Katz,  Wassink 

(1939) 

A 

680 

Chlorella  (fig.  22.21) . 

Noddack,  Eichhoff 

(1939) 

A 

668 

Chlorella  (fig.  22.22) . 

Emerson,  Lewis 

(1941) 

T 

672  488,  473,  432 

Chlorella . 

Wassink,  Kersten 

T 

675,625(?)475,  430 

(1946) 

Chlorella . 

Seybold  (1942) 

A 

680 

Laminaria  (fig.  22.19) .  .  . 

Seybold  (1933) 

T 

669 

Nitzschia . 

Dutton,  Manning 

(1941) 

T 

680 

Nitzchia . 

Wassink,  Kersten 
(1946) 

T 

675,630(?)  580,  470,  440 

Delesseria  (Fig.  22.20) 

Seybold  (1933) 

T 

668,605  540-490° 

Iridaea  .... 

Van  Norman  etal. 
(1948) 

T 

675, 620h  550°,  480 

Chroococcus  (fig.  22.23) 

Emerson,  Lewis 

(1941) 

T 

683, 6256  436 

Chloroplasts 

1  rotococcus,  Spirogyra.  Zua- 

nema  (fig.  22.35) .  . 

Albers,  Knorr 
(1937) 

T 

681-684  698,  687,  676, 
679,  673,  675, 

667,  669 

(transmission  +  reflection)/  rphyroc^a^im'Phycoerytlirin/ 
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22.23  for  Chroococcus,  and  22.24  for  Oscillatoria) .  The  “red  shift”  is  recog¬ 
nizable  in  all  of  them,  particularly  in  the  last  three  figures,  in  which  the 
spectra  of  extracted  pigments  are  compared  with  those  of  live  cells.  True. 
Noddack’s  figure  (fig.  22.21)  indicates  only  a  comparatively  small  shift 
—from  660  to  668  m/j- in  live  Chlorella  cells,  but  Katz  and  Wassink  (1939) 
and  Seybold  and  Weissweiler  (1942)  found,  for  the  wave  length  of  the  red 
band  in  Chlorella ,  the  value  generally  given  for  leaves — about  680  mp. 
Finally,  it  was  stated  on  page  653  (cf.  figs.  22.15,  22.16  and  21.29)  that  the 
red  absorption  peak  is  situated  at  about  675  mp  also  in  aqueous  chloro- 
plastin  extracts.  The  position  of  the  red  absorption  peak  in  live  cells  is 
thus  determined,  beyond  doubt,  by  the  state  of  the  'pigment  (which  is  pre¬ 
served,  to  a  certain  extent,  in  colloidal  extracts),  and  not  by  geometrical- 
optical  conditions. 

It  has  often  been  suggested  that  the  position  of  the  red  absorption 
maximum  of  chlorophyll  (and  the  number  and  position  of  secondary 
maxima)  varies  in  different  species.  Table  22. Ill  gives  a  summary  of  ex¬ 
perimental  results.  It  shows  the  red  peak  at  675  m p  =*=  15  mp,  with  the 
average  position  corresponding  to  a  “red  shift”  of  15  mg,  or  370  cm.-1 
(compared  to  the  position  of  the  corresponding  absorption  band  in  ethereal 
solution  of  chlorophyll  a).  The  extreme  limits  of  variation  of  Xmax.  in 
Table  22.III  are  665  and  690  mp— quite  a  wide  range.  However,  because 
of  the  diffuse  character  of  the  spectra,  the  position  of  the  maximum  often 
cannot  be  determined  precisely.  It  is  therefore  not  certain  whether  any 
of  the  tabulated  variations  in  Xmax  are  real.  (It  will  be  noticed  that  four 
values  are  given  for  Chlorella,  680,  668,  672  and  again  680  mg!) 

Lubimenko  (1927),  who  made  photographs  of  the  absorption  spectra  of 
a  large  number  of  leaves,  insisted  that  they  do  exhibit  real  differences— not 
only  in  the  positions  of  the  main  peak,  but  also  in  the  number  end  positions 
in  the  secondary  absorption  maxima  in  the  yellow,  green  and  blue. 


According  to  Lubimenko,  the  spectra  of  some  species  (“group  1”)  contain  eight 
bands  in  the  visible  region.  An  example  is  nettle  (Vrtica  Mom),  »nth  the  follownig 
bands-  I  680-660;  11,650-645;  111,630-606;  IV,  600-570;  \ ,  550  540,  VI, 
512-480;  VII,  450-430;  and  VIII,  below  420  m„.  The  bands  III,  I\  and  V  become 
visible  oidy  when  two  leaves  arc  used.  Leaves  of  “group  2,”  which  includes  the  largi  s 
number  of  species,  show  seven  bands  (band  VII  of  the  above  list  is  missing),  hlodm 
Tanadensh  and  Hedera  helix  belong  to  this  group.  “Group  3”  (e  Prmm  luurocerasus) 
Zls  only  si>  hands  (bands  I  and  II  are  <-d).  hina  15  P  an,  of 

™  22IY  t-  !'* 

variation  in  the  positions  of  the  above-listed  bands,  as  given  by  Lubimenko,  and  als 
a  tei  ta  ive  identification  of  these  bands  with  the  bands  of  chlorophylls  a  and  m 
Xtion  According  to  Lubimenko,  in  passing  from  species  to  species,  different  bands 
are  displaced  by  different  amounts,  or  even  in  different  directions. 
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Table  22.1V 

Absorption  Bands  in  Leaves  (after  Lubimenko  1927) 


Band 

I 

(a) 

II 

(b) 

III 

(a) 

IV  (a, b) 

V 

(a, 6) 

VI 
(a.  b) 

VII 

(b,a) 

VIII 

Chi  (a  +  b )  ill 
ether",  X . 

669- 

648- 

619- 

599- 

571- 

547- 

506- 

467-  439- 

415—* 

655 

638 

605 

570 

559 

523 

489 

446  424 

Leaves,  X 

from . 

700- 

680 

660- 

650 

630- 

620 

600- 

570 

— 

555- 

542 

510- 

490 

450- 

430  — 

418— > 

to . 

680- 

655 

648- 

638 

620- 

610 

595- 

575 

= 

545- 

535 

505- 

480 

— .  — 

430— >- 

°  cf.  Table  21.1. 


Photometric  curves  prove  that  many  of  Lubimenko’s  visually  recorded 
"secondary  bands”  are  only  shoulders  on  the  slopes  of  the  main  bands  or 
slight  ripples  on  almost  uniformly  high  absorption  plateaus  (cf.,  for  ex¬ 
ample,  figs.  22.13  and  22.15).  Apparent  shifts  in  the  positions  of  these 
"maxima,”  or  even  the  disappearance  of  some  of  them,  could  easily  be 
caused  by  changes  in  the  ratios  of  chlorophylls  a  and  b,  as  well  as  by  varia¬ 
tions  in  scattering.  Lubimenko  saw  in  these  differences  an  evidence  of 
variability  of  chemical  composition  of  "natural  chlorophyll”  (a  name  given 
by  him  to  a  hypothetical  complex  formed  by  proteins  with  all  the  plastid 
pigments) . 

Albers  and  Knorr  (1937)  found  that  the  number  and  position  of  the  ab¬ 
sorption  maxima  in  single  chloroplasts  of  Protococcus,  Spircgyra  and  Zy- 
gnema  vary  not  only  from  species  to  species,  but  also  from  specimen  to 
specimen.  In  addition  to  the  maxima  at  681-683  mg  and  672-675  mp, 
which  may  be  attributed  to  chlorophylls  a  and  b,  respectively,  some  chloro¬ 
plasts  showed  secondary  maxima  at  667-669  mg,  678-679  mg  and— rather 
unexpectedly— also  in  the  far  red,  at  698  mg  (cf.  fig.  22.35). 

Albers  and  Knorr  considered  these  results  as  indicating  variations  in 
the  chemical  nature  of  chlorophyll  (e.  g.,  oxidations  or  reductions)  that  they 
thought  might  be  associated  with  the  participation  of  chlorophyll  in  photo¬ 
synthesis  (cf.  Vol.  I,  chapter  19). 


(b)  Red  Band  of  Chlorophyll  b 

1  he  main  red  absorption  band  of  chlorophyll  b  is  noticeable,  according 
to  Lubimenko  (1927),  in  some  spectra  of  leaves  (groups  1  and  2  cf  page 
700)  but  not  in  others  (groups  3  and  4).  There  is  no  doubt  that  this 
band,  too,  is  shifted  toward  the  red  from  its  position  in  solution  (642.5 
‘n  ethe*')i lmt  the  extent  of  the  shift  is  difficult  to  measure,  because  the 
band  appears  merely  as  a  hump  on  the  short-wave  side  of  the  main  chloro¬ 
phyll  a  band.  Lubimenko’s  table  (Table  22.IV)  gives,  for  the  band  axis. 
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values  from  643  to  655  niju.  This  seems  to  indicate  a  somewhat  lesser 
shift  than  is  found  with  the  a-component ;  Table  21. VI  gives  the  impres¬ 
sion  that  the  same  may  be  true  also  for  the  spectra  of  the  two  chlorophylls 
in  different  solvents  in  vitro. 

The  clearest  indication  that  chlorophyll  b  retains  its  identity  in  live 
cells  is  provided  by  the  fluorescence  spectrum.  According  to  Tables  24.1 
and  24.11,  the  axis  of  the  main  fluorescence  band  of  chlorophyll  b  in  vivo 
lies  at  about  656  mju,  i.  e.,  only  about  5  mp  further  toward  the  red  than  in 
ether  solution  (while  the  axis  of  the  corresponding  a  band  is  displaced  at 
least  twice  as  much).  This,  too,  indicates  that  the  absorption  band  of 
chlorophyll  b  in  the  living  cell  probably  lies  at  647-648  mp. 


(c)  Red  and  Infrared  Bands  of  Bacteriochlorophyll 

It  was  stated  on  page  642  that  the  bands  of  bacteriochlorophyll  are  more 
susceptible  to  shifts  under  the  influence  of  the  solvent  than  are  those  of 
chlorophyll.  We  are  therefore  not  astonished  to  find  that  the  two  bands 
of  bacteriochlorophyll,  which  are  situated  in  methanol  solution  at  about 
605  and  770  m p,  respectively  (c/.  page  617,  fig.  21.6),  are  replaced  in  live 
bacteria  by  bands  situated  much  further  in  the  infrared— at  approximately 
800  and  850-870  m p  in  figs.  21.30,  22.26  and  22.36,  and  at  825  and  875 
m p  in  fig.  22.25.  Figures  21.30A  and  22.26  {cf.  also  Table  22. V)  indicate 
a  third  absorption  band  close  to  or  beyond  900  m p,  while  figure  22.27  shows 
only  one,  very  strong  infrared  band  beyond  900  m p. 

Wassink,  Katz  and  Dorrestein  (1939)  found  that  the  absorption  spec¬ 
tra  of  purple  bacteria  vary  from  strain  to  strain,  as  illustrated  by  1  able 
22.V  and  figure  22.36. 

Alcoholic  extracts  from  all  organisms  listed  in  Table  22.  \  showed  only 
one  absorption  maximum  in  the  red  (at  774  m p,  cf.  fig.  21.30B)  in  place  of 
the  two  maxima  of  most  Athiorhodaceac  (a  weak  one  at  800  and  a  sharp  one 
at  875  mp)  and  three  of  some  Athiorhodaceac  and  all  Thiorhodaceae  (at 
approximately  800,  850  and  895  mg).  Analysis  of  the  band  shapes  made 
it  probable  that  the  spectra  of  all  purple  bacteria  contain  three  infrared 
bands,  even  if  one  of  them  may  sometime  be  concealed  by  the  other  two. 
Similar  variations  in  the  spectra  of  different  species  and  strains  of  purple 

bacteria  were  observed  by  French  (1940).  ,  „  ,  , 

The  correlation  of  the  “cell  bands”  with  the  “solution  bands  of  bac¬ 
teriochlorophyll  (fig.  21.6)  is  not  clear.  Shall  the  cell  band  at  800  him 
considered  as  the  displaced  solution  band  at  605  mg,  and  the  cell  band  at 
850-870  him  as  the  displaced  solution  band  at  770  mg.  ls  ™ 

a  shift  by  as  much  as  4000  cm.-  for  the  “orange  and  loOO  cm  for  the 
“red”  band.  The  first  shift  is  so  large  that  one  is  inclined  to  doubt  t 
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correlation.  An  alternative  is  to  consider  both  cell  bands,  that  at  800  as 
well  as  that  at  850-870  mju  (and  perhaps  that  at  900  m/x,  too)  as  related  to 
the  one  solution  band  at  770  m/x.  This  means  “red  shifts”  varying  be¬ 
tween  500  and  2000  cm.-1,  and  implies  that  bacteriochlorophyll  is  present, 
in  purple  bacteria,  in  at  least  three  different  pigment-bearing  complexes. 


tig.  22.36.  Infrared  absorption  spectra  of  suspensions  of  different  strains  of  Athiorho- 
daceae  (after  Wassink,  Katz  and  Dorrestein  1939). 


The  wide  variations  in  the  relative  intensities  of  the  three  absorption 
peaks  (illustrated  by  the  several  curves  in  figure  22.36,  and  even  more 
strikingly  by  the  curves  in  figures  21.30A,  21.30B,  22.26  and  22  7)  can 
then  be  attributed  to  differences  in  the  relative  amounts  of  the  several 
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Table  22.V 


Absorption  Maxima  of  Purple  Bacteria  (after  Wassink, 
Katz  and  Dorrestein  1939) 


Species  and  strain 

Xma*.- 

I 

II 

ill 

Thiorhodaeeae 

Strain  D  (Roclefson) . 

895 

854 

803.5 

Strains  1,  4,  7,12  (van  Niel) . 

895 

(850.5) 
1856  J 

796 

Strains  9,  b,  19  (van  Niel-Muller) . 

895 

852.5 

796 

Strains  101,  201 . 

Weak 

865  \ 

803.5 

Strain,  301,  401 . 

895 

858  / 

A  thiorhodaeeae 

802 . 5 

Rhodovibrio  (2  strains) . 

865 

— 

864 

— 

803 

Rh  oil abac  ill  us  palustris  (3  strains) . 

881  1 
873 
862 . 5 J 

802 

Phaeomonas  varians  ( Streptococcus  varians)  (3 
strains) . 

885  ) 

j-  850.5 

f  799 

885 

•j  799 

892 .5, 

1 

(798.5 

Rhodospirillum  rubrum  (2  strains) . 

875  ' 
878 

\  - 

800 

complexes  in  the  individual  species  and  strains.  The  complexes  may  be 
formed  by  combination  of  the  same  pigment  (bacteriochlorophyll)  with 
different  proteins,  each  complex  being  perhaps  specifically  adapted  to  the 
utilization  of  one  reductant,  such  as  hydrogen,  sulfide,  thiosulfate  or  an  or¬ 
ganic  hydrogen  donor  (this  hypothesis  was  suggested  by  Wassink,  Katz  and 
Dorrestein).  Other  possibilities  include  several  isomeric  or  tautomeric 
forms  of  bacteriochlorophyll,  or  small  differences  in  chemical  composition, 

or  in  the  reduction  level,  of  the  pigment. 

If  this  interpretation  of  the  three  cell  bands  is  correct,  the  question 

arises  as  to  the  reasons  for  the  absence  in  live  cells  of  a  countei  part  to  the 
605  m/x  solution  band  of  bacteriochlorophyll.  No  answer  can  be  given  to 
this  Question— except  that  the  matter  requires  renewed,  and  more  syste¬ 
matic  investigation.  It  was  mentioned  in  chapter  21  (page  618)  that  the 
role  of  the  605  mu  band  is  not  quite  clear  even  in  solution  spectra. 

According  to  Katz  and  Wassink  (1939),  live  green  sutfur  bacteria  have 

two  absorption  maxima  (at  740  and  810  ma,  respect, ve  y) 

i  u  i  fnnrul  in  bacterioviridin  extracts  (at  668  npq  cf-  h&-  •  > 

»  page  042  the  width  of  the  “red  shifts m 

agreement  with  the  hypothesis  that  bacterioviridin  is  a  derivative  of 

hydroporphin  (as  assumed  on  page  445  in  \  ol.  I). 
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(d)  Blue-Violet  Bands  of  Chlorophyll 

The  position,  in  live  cells,  of  the  second  main  band  of  chlorophyll  or 
bacteriochlorophyll — that  situated  in  the  blue-violet  part  of  the  spectrum- 
lias  received  much  less  study  than  that  of  the  red  band,  the  main  reason 
being  that  the  presence  of  carotenoids  and  other  yellow  pigments  tends  to 
make  absorption  in  this  region  very  heavy  and  diffuse.  Table  22. VI  con¬ 
tains  some  values  read  from  figures  reproduced  earlier  in  this  chapter. 
This  table  indicates  a  “red  shift”  by  5  or  10  m/z.  On  the  frequency  scale, 
this  shift  (250-500  cm.'* 1 * * * *)  is  about  equal  to  that  of  the  main  red  band. 

Table  22. VI.  Blue-Violet  Absorption  Maxima  in  Living  Plants 


Organism  ^max.. 

Fatsia  ( cf .  fig.  22. 13) .  438 

Chlorella  (cf.  fig.  22.22) .  432 

Chroococcus  (cf.  fig.  22.23) .  436 

Chlorophyll  a  in  ether .  427.5 


(e)  Protochlorophyll 

French  (1951)  estimated,  from  the  action  spectrum  of  chlorophyll 
formation,  that  the  red  absorption  band  of  protochlorophyll  lies,  in  vivo, 
at  650  mp.  Because  of  its  weakness,  it  has  not  yet  been  directly  observed. 


3.  Absorption  Bands  of  Accessory  Pigments  in  Live  Cells 

Lubimenko  (1927)  could  not  find,  in  the  spectra  of  green  leaves,  ab¬ 
sorption  maxima  identifiable  with  the  absorption  bands  of  the  carotenoids 
(which  could  easily  be  observed,  at  510-480  mju,  in  the  spectra  of  yellow 
leaves  or  yellow  parts  of  variegated  leaves).  He  pointed  out  that  the  first 
carotenoid  maximum  may  be  masked  by  band  VI  of  chlorophyll  (cf.  Table 
22.  H')  and  that  the  second  one,  at  470-450  mM,  should  be  visible  between 
the  chlorophyll  bands  VI  and  VII.  Lubimenko  concluded  that  the  yellow 
pigments  do  not  exist  “as  such”  in  the  green  plastids.  This  conclusion,  ob¬ 
tained  by  a  purely  qualitative  examination  of  the  spectra,  is  untenable. 

I  he  spectra  of  leaf  extracts,  in  which  the  chlorophylls  and  the  carotenoids 

certainly  exist  as  separate  entities,  also  do  not  always  show  the  individual 

maxima  o  all  these  pigments.  In  figure  22.47,  for  example,  the  absorption 

Too  6  °  5m  GXtraCt  fl'°m  baHey  1CaVeS  shows  only  three  maxima  between 

Z  “o,rZr  428,rd  450  mf,-instead  of  'he  six  maxima  of 

separated  green  and  yellow  pigments.  The  two  main  carotenoid 
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maxima  (at  422  and  467  niju)  and  one  chlorophyll  maximum  (at  500  m/z) 
are  lost  by  the  superposition  of  the  absorption  curves. 

Upon  closer  examination,  carotenoid  maxima  can  be  identified  at  least 
in  some  plant  spectra.  Peaks,  which  probably  belong  to  the  carotenoids, 
are  noticeable,  for  example,  at  468  and  486  m/z  in  the  spectrum  of  the  leaves 
of  Fatsia  (Fig.  22.13,  cf.  also  Table  22. Ill),  and  at  473  and  488  ran  in  that 
of  Chlorella  (Fig.  22.22).  If  one  attributes  both  these  peaks  to  luteol, 
whose  absorption  bands  in  ethereal  solution  are  situated  at  442  and  472 
m/z  (cf.  Table  21.1),  it  follows  that  the  carotenoid  bands  in  live  cells  are 
shifted  toward  the  red  by  as  much  as  25-30  rn.fi.  (Av  =  1250  cm.-1,  or 
three  times  the  shift  of  the  red  and  blue-violet  absorption  bands  of  chloro¬ 
phyll.)  Emerson  and  Lewis  (1942)  postulated,  in  their  interpretation  of 
the  Chroococcus  spectrum  (cf.  page  723),  a  shift  of  the  carotenoid  bands 
in  vivo  by  14  m/z  from  their  position  in  ethanolic  solution;  according  to 
Table  21.1,  this  corresponds  to  a  shift  by  24  m/z  relative  to  ethereal  solu¬ 
tion,  in  good  agreement  with  the  preceding  estimate  (25-30  m/z). 

Menke  (1940)  extracted  chlorophyll  from  chloroplast  preparations 
(made  from  spinach  leaves;  cf.  Vol.  I,  page  369) ;  and  found  that  a  brick- 
red  residue  was  left.  A  suspension  of  this  residue  in  water  showed  absorp¬ 
tion  bands  at  490  and  540  m/z— much  further  toward  the  red  than  the  caro¬ 
tenoid  bands  have  been  observed  in  live  green  plants  (470  and  490  m/z 
were  the  positions  quoted  above  for  Fatsia  leaves  and  Chlorella  cells). 
Moistening  with  ether  led  to  a  change  of  color,  and  a  shift  of  the  absorption 
bands  to  their  usual  positions  in  carotenoid  solutions  (442  and  472  m/z). 

The  absorption  spectrum  of  the  brown  alga  Laminaria  was  found  b\ 
Menke  to  exhibit  bands—  probably  due  to  fucoxanthol— at  even  longer 
waves,  namely,  499  and  545  m/z.  Heating  to  70°  C.  led  to  a  shift  of  these 
bands  to  below  510  m/z,  and  to  a  color  change  from  brown  to  green. 

The  transmission  curves  of  diatoms  (Nitzschia  dissipata )  publishe  y 
Wassink  and  Kersten  (1946),  as  well  as  the  absorption  curves  of  brown  algae 
given  by  Seybold  (1934,  1943),  clearly  show  an  increased  absorption  (in 
comparison  to  the  green  algae,  such  as  Ulva  or  Chlorella)  in  the  region  o00- 
580  m/z,  but  give  no  indication  as  to  the  position  of  the  absorption  peak 
(or  peaks)  of  the  carotenoid  responsible  for  this  absorption.  From  the 
comparison  of  the  transmission  curves  of  live  diatoms  (and  of  aqueous  co 
loidal  cell  extracts,  whose  brownish  color  is  similar  to  that  of  cell  suspen¬ 
sions)  with  the  transmission  curves  of  the  (green)  pigment  extract  m  an  o  - 
ganic  solvent  (methanol  and  petroleum  ether),  Wassink  and  Kcihten  es^ 
mated  that  the  fucoxanthol  bands  are  shifted  m  vivo  by  about .20 -m* 
(corresponding  to  about  700  cm.'1),  toward  the  longer  waves;  but  this  esb- 
ma  e  s  not  at  all  reliable  because  of  the  absence  of  pronounced  maxima. 
?hese  curves,  and  Karrer’s  absorption  curves  of  fucoxanthol  m  solut  on 

make  it  appear  uncertain  whether  the  to  a 

brown  algae  in  the  green  (500-560  m/z)  is  due  mainly  (or  exclusive  y; 
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strong  red  shift  of  the  fucoxanthol  band  as  a  whole,  or  to  a  broadening  of  this 
band  toward  the  longer  waves. 

These  observations  give  some  information  about  the  strength  with  which 
the  carotenoids  are  bound  to  the  protein— pigment— lipide  complex  of  the 
chloroplasts.  According  to  equation  (21.4)  and  figure  21.23,  the  ied 
shift”  can  be  caused  by  association  of  the  light-absorbing  molecule  with 
other  molecules  (by  adsorption,  solution  or  complexing).  The  shift  is  ap¬ 
proximately  equal  (on  the  energy  scale)  to  the  difference  between  the  bind¬ 
ing  energies  of  the  normal  and  the  excited  pigment  molecule.  In  the  case 
of  green  leaves  and  algae,  we  found  the  chlorophyll  bands  to  be  shifted 
in  vivo  by  about  370  cm.-1,  while  the  luteol  bands  were  shifted  by  as  much 
as  1250  cm.-1  (according  to  Meyer,  and  Emerson  and  Lewis),  perhaps  even 
by  2220  and  in  some  cases  2530  cm.-1  (according  to  Menke).  The  fuco¬ 
xanthol  bands  in  brown  Laminaria  are,  according  to  Menke,  shifted  still 
more  widely — by  2585  and  2815  cm.-1. 

All  these  shifts  are  relative  to  the  band  position  in  ether  solution.  A  better  idea  of 
the  binding  energies  could  be  obtained  by  comparison  with  extrapolated  positions  of 
the  bands  of  isolated  pigment  molecules.  Such  an  extrapolation  was  made  for  chloro¬ 
phyll  and  bacteriochlorophyll  on  page  642,  but  it  is  not  yet  possible  for  the  carotenoids. 

The  strong  red  shifts  of  the  carotenoid  bands — particularly  those  of 
fucoxanthol — indicate  clearly  that  these  pigments  form  part,  in  chloro¬ 
plasts,  of  some  complex,  and  that  the  binding  becomes  particularly  strong 
when  the  carotenoid  molecules  are  electronically  excited.  This  fact  may 
be  relevant  for  the  transfer  of  electronic  excitation  energy  from  the  caro¬ 
tenoids  (particularly  fucoxanthol)  to  chlorophyll,  a  phenomenon  that  is 
revealed  by  the  occurrence  of  fucoxanthol— sensitized  fluorescence  of 
chlorophyll  in  vivo  ( cf .  chapter  24,  page  814)— and  that  probably  explains 
also  the  participation  of  carotenoids  in  the  sensitization  of  photosynthesis 
(cf.  chapter  30). 


e  absorption  peaks  of  the  carotenoids  appear  especially  clear  on 
rench  s  (1937)  spectral  transmission  curves  of  purple  bacteria  (cf.  fig. 
22.27),  because  in  this  case  the  carotenoid  bands  fall  between  the  two  ab¬ 
sorption  bands  of  bacteriochlorophyll,  at  about  600  and  400  mju. 


•42),  the  phycocyanin  maximum  is 
r  waves  in  the  aqueous  cell  extract 
ption  peaks  of  other  pigments  retain 
This  indicates  that  in  the  extract, 


ic  22.20  at  about  550  mju  (phyco- 


are  clearly  discernible  in  the 


of  625  m/x  (phycocyanin). 
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the  cyanobilin-proteid  becomes  dissociated  from  the  pigment-protem- 
lipide  complex  present  in  the  live  cell.  It  was  stated  in  chaptei  lo  (\  o  . 
I,  page  399)  that,  of  all  plastid  pigments,  only  the  phycobilin  chromopro- 
teids  pass  into  true  colloidal  solution  upon  extraction  with  water. 

To  sum  up,  it  is  certain  that  all  the  pigments  found  in  extracts  from 
plants  retain  their  spectroscopic  identity  in  live  cells,  despite  their  prob¬ 
able  close  association  in  a  common  complex.  The  association  causes, 
however,  considerable  band  shifts,  and  probably  also  changes  the  shape 
of  the  bands,  particularly  those  of  accessory  pigments,  such  as  fucoxanthol. 


4.  True  Absorption  Spectrum  of  the  Pigment  Mixture  in  the  Living  Cell 


In  the  two  preceding  sections,  we  tried  to  derive  as  much  information  as 
possible  from  the  positions  of  the  absorption  maxima  in  the  empirical  plant 
spectra  described  and  reproduced  in  section  1.  It  was  mentioned  re¬ 
peatedly  that  the  difference  between  the  "plant  spectra”  and  the  spectra  of 
extracted  pigments  is  not  limited  to  band  shifts,  but  includes  also  changes 
in  the  height,  width  and  shape  of  the  individual  bands.  Howrever,  as 
stated  on  page  G97,  the  latter  changes  are,  to  a  large  extent,  the  product  of 
scattering  and  other  geometrical-optical  phenomena.  In  the  present  sec¬ 
tion,  we  will  deal  first  with  a  more  detailed  description  of  the  appearance  of 
the  absorption  bands  in  living  plant  cells,  and  then  with  the  possibility  of 
deriving  from  the  empirical  plant  spectra  the  true  absorption  curves  of  the 
pigment  mixtures  contained  in  them. 

General  diffuseness  was  stated  on  page  697  to  be  the  most  striking  char¬ 
acteristic  of  plant  spectra  as  compared  to  the  absorption  spectra  of  the 
pigment  extracts.  The  ratios  of  the  "optical  densities,”  log  (I/S)  or  log 
( T0/T )  in  the  absorption  "peaks”  and  "valleys”  can  serve  to  illustrate  this 
statement. 


Table  22. \  II  shows  that  the  ratio  of  the  optical  densities  in  the  "green 
minimum”  and  the  "red  maximum,”  which,  according  to  Table  2 l.IB  is 
less  than  0.01  in  pure  chlorophyll  a,  and  about  0.05  in  an  ether  extract 
from  barley  leaves  (which  contains  all  the  chloroplast  pigments),  is  as  high 
as  0.3  in  live  algae  and  may  reach  0.6  in  green  leaves. 


1  he  ratio  (violet  peak:  red  peak)  also  is  changed:  it  declines  from  1.75 
in  ethereal  extract,  to  1.6  in  colloidal  aqueous  extracts,  1.4  to  1.5  in  live 
algae,  and  0.9  to  1.2  in  green  leaves. 

It  will  be  noted  that  the  ratios  derived  from  true  absorption  spectra, 
og  (/'  ,S')’  are  not  vepy  different  from  those  derived  from  the  transmission 
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spectra,  log  ( Tq/T ),  obtained  by  comparison  of  colored  with  colorless  tis¬ 
sues  (or,  in  the  case  of  cell  suspensions,  by  comparison  with  pure  water). 

Similar  data  for  a  variety  of  green,  yellow  and  red  leaves  can  be  found 
in  Seybold  and  Weissweiler’s  paper  (1943). 

1  he  question  arises:  can  the  leveling  off  of  the  absorption  peaks  and 
the  filling  in  of  the  absorption  valleys  be  attributed  entirely  to  geometrical- 
optical  effects  (scattering  and  “sieve  effect”)  or  do  they  indicate  a  genuine 
deformation  of  the  absorption  curves  of  the  pigments  (which  could  be 
caused  by  close  packing  of  pigment  molecules  in  the  chloroplasts,  as  well  as 
by  their  association  with  proteins  and  lipides)? 

The  fact  that  the  leveling  off  is  much  stronger  in  the  spectra  of  leaves 
than  in  those  of  algae  indicates  that  geometrical-optical  effects  account  for 
a  considerable  part  of  the  phenomenon.  Tanada’s  (1951)  observations 
with  glycerol  (table  22. VI I)  support  this  interpretation.  Clearly,  scat¬ 
tering  and  “sieve  effect”  must  lead  to  an  apparent  decrease  in  the  selec¬ 
tivity  of  absorption,  as  far  as  plots  of  log  ( I/T )  or  of  log  ( T0/T )  are  con¬ 
cerned,  since,  in  these  two  representations,  losses  of  the  weakly  absorbed 
(green  and  extreme  red)  light  by  scattering  obviously  simulate  absorption. 
One  could  attempt  to  explain  in  this  way  the  results  under  4,  5,  7,  and  8a- 
8d  in  Table  22. VI I,  which  were  obtained  by  the  use  of  blank  cells  with 
pure  water.  On  the  other  hand,  the  similarity  of  results  of  the  experiments 
listed  under  6  and  8,  in  which  the  true  absorption  of  Chlorella  cell  suspensions 
was  determined,  with  the  results  listed  under  7,  in  which  the  transmission 
of  a  similar  suspension  was  measured,  cannot  be  explained  in  this  t\  ay. 

In  the  case  of  leaf  spectra  too,  it  is  not  immediately  obvious  why  diffuse 
scattering  should  lead  to  transmission  curves,  log  ( T0/T )  (obtained  by  com¬ 
parison  of  green  with  white  specimens),  characterized  by  high  optical  den¬ 
sity  in  the  regions  of  weak  pigment  absorption  (green  and  fai  led). 

If  one  would  assume,  for  example  ( cf .  Meyer  1939),  that  the  weakening  of  the  trans¬ 
mitted  beam  by  passage  through  a  green  leaf  can  be  represented  by  the  equation: 


(22.9) 


T  =  I  X  10-(A'°*+<rx) 


where  K  is  a  proportionality  constant,  equivalent  to  the  product  (concentration  X  thick- 
ness*of  the  absorbing  layer)  in  Beer's  law,  and  a  a  "scattering  coefficient”;  and  assuming 
also  that  the  corresponding  equation  for  the  white  leaf  is. 


(22.9A) 

then  the  “transmission  curve” 
(22.10) 


?’o  =  I  X  io-^ 

would  be  given  by  the  equation: 
log  To/T  =  -Kax 


In  other  words,  the  ‘Transmission  curve”  would  follow  faithfully 
except  fora  proportionality  factor  /C-the  true  absorption  curve  of  the 


TRUE  ABSORPTION  SPECTRUM 


711 


pigments  in  the  cell.  Plotted  on  a  semilogarithmic  scale  (log log  [T0/T]  as 
function  of  X),  the  curves  with  and  without  scattering  would  run  parallel. 
If  this  were  the  case,  the  ratios  in  table  22. VII  derived  from  the  transmission 
curves,  log  (To/T),  would  be  unaffected  by  scattering.  Closer  examination 
shows  why  scattering  can  produce  a  distortion  of  the  absorption  curves 
in  the  sense  observed.  This  can  be  shown  with  the  help  of  the  simple 
example  discussed  on  page  673 — that  of  repeated  reflections  in  a  plane- 
parallel  absorption  cell.  The  equation  usually  applied  for  the  calculation 
of  the  absorption  coefficient,  a,  is: 

(22.11)  a  =  (1  AD  log  (To/T) 

where  d  is  the  depth  of  the  absorption  cell,  and  T  and  T0  the  fluxes  trans¬ 
mitted  through  the  solution  and  the  pure  solvent,  respectively.  This 
equation  was  shown  on  page  674  to  be  a  first  approximation,  neglecting  the 
difference  in  the  reflectances  of  the  two  cells.  As  mentioned  on  page  674, 
correct  expressions  for  T  and  T0  can  be  obtained  by  summation  of  infinite 
series.  This  summation  leads  to  the  following  relationship : 


(22.12) 

and  thus  to: 
(22.13) 


T  = 


To  10-“* 


(r 


1  -  r2  \ 
_  r2  io -**d) 


a 


-  r 2  10~2"d\  I 
1  -  r2  )\ 


Since  the  term  in  parentheses  is  >  1,  equation  (22.13)  shows  that  the  value 
of  a,  calculated  in  the  usual  way  from  (22.11),  is  too  large  and  that  the  rela¬ 
tive  error  increases  with  decreasing  absorption.  With  r  =  0.1  and  T0/T  = 
1.01,  i.  e.,  an  absorption  of  only  1%,  the  error  in  a  is  2%.  Such  an  error 
can  be  neglected  in  most  absorption  measurements.  What  matters  to  us, 
however,  is  the  fact  that  the  percentage  error  depends  on  the  value  of  a 
and  therefore  changes  with  wave  length.  In  other  words,  it  causes  a  distor¬ 
tion  of  the  transmission  curve. 

The  character  of  this  distortion — increase  of  apparent  a  values  for  all 
wave  lengths,  but  particularly  for  those  in  which  the  true  absorption  coef- 
hcient  is  small— remains  the  same  in  scattering  media,  where  the  effect 
becomes  much  stronger  than  in  plane-parallel  cells  filled  with  transparent 

The  loss  of  selectivity  by  scattering  can  be  even  more  pronounced  in 
absorption  spectra,  log  (7/S),  than  in  transmission  spectra,  log  (TJT) 

a  wfr  *hat  W°Uld  b®  °n‘y  Weakly  abs°rbed  by  straight  passage  through 
a  leaf  (e.  green  or  extreme  red  light)  become  more  strongly  absorbed 
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"  ^ien  ^eir  optical  path  in  the  leaf  is  increased  by  scattering.  On  the  other 
hand,  a  ceitain  proportion  ol  radiations  that  would  be  almost  completely 


Fig  22.37.  Nomograph  for  determination  of  absorption  and  scattering  coefficients  in 
turbid  media  for  diffuse  reflection  and  transmission  measurements  (after  Duntley). 

R'  4-  pf  ad  sinh  Kd 

(22.14) 


1 


(22.15)  log  —  +  log  Q'  =  log 


Q'  {ad  +  ad)  sinh  Kd  +  Kd  cosh  Kd 

{ad  +  ad)  sinh  Kd  +  Kd  cosh  Kd 


Kd 


(22.10)  Kd/K  =  s/ ad  {ad  +  2 ad) 


absorbed  if  forced  to  pass  straight  through  the  leaf  (e.  g.,  blue-violet  or  red 
light)  will  be  enabled  to  escape  from  it  by  diffuse  reflection,  which  shortens 
the  optical  path  in  the  leaf.  Therefore,  in  a  plot  of  log  (I/S)  versus  X 
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in  a  scattering  medium,  we  will  find  that  not  only  are  the  valleys  less  deep, 
but  also  the  peaks  are  less  high  than  in  a  similar  plot  in  a  nonscatteiing 


system. 

This  qualitative  explanation  of  the  effect  of  scattering  on  selective  trans¬ 
mission  and  absorption  can  be  replaced  by  an  exact  analysis  if  the  system 
satisfies  certain  conditions— namely,  random  distribution  of  scattering 
centers  and — in  the  simplest  forms  of  the  theory — equal  probability  of 
scattering  in  all  directions. 

Equations  for  combined  absorption  and  scattering  in  systems  of  this 
type  have  been  derived  by  several  authors;  we  will  mention  here,  as  ex¬ 
amples,  the  investigations  by  Wurmser  (1941),  Duntley  (1942,  1943)  and 
Saunderson  (1942).  Figure  22.37  represents  a  nomograph  constructed  by 
Duntley  (1942).  In  this  diagram,  the  abscissae  are  the  expressions: 
( R '  +  P') /(}■',  and  the  ordinates  the  expressions:  log  (1/77)  +  log  Q', 
whose  relation  to  the  absorption  coefficient  (per  unit  path),  a,  and  the 
scattering  coefficient  (per  unit  path),  a,  is  shown  in  the  inserted  formulae 
( d  being  the  depth  of  the  layer  measured).  The  constants  P'  and  Q'  are 
characteristic  of  the  asymmetry  of  the  scattering.  If  scattering  is  iso¬ 
tropic,  and  the  incident,  transmitted  and  reflected  light  are  perfectly  dif¬ 
fuse,  P'  =  0  and  Q'  =  1,  and  the  abscissae  in  the  figure  are  simply  the 
measured  reflectances,  while  the  ordinates  are  the  measured  optical  densi¬ 
ties  (logarithms  of  inverse  transmittance).  The  nomograph  remains  ap¬ 
proximately  correct  also  if  the  incident  light  is  collimated,  if  only  the  re¬ 
flected  and  transmitted  light  are  completely  diffuse  (c/.  page  676).  Under 
these  conditions,  the  absorption  coefficient,  a,  and  the  scattering  coefficient, 
<t,  can  both  be  read  from  the  graph,  if  reflectance  and  transmittance  have 
been  determined. 


Another  method  of  determination  of  the  two  coefficients  was  described 
by  Saunderson  (1942).  It  requires  two  reflection  measurements— one 
with  a  thin  layer  and  one  with  a  layer  of  “infinite  thickness”  ( i .  e.,  having 
practical^  negligible  transmission). 

Wunnser  (1941)  suggested  that  transmission  measurements  with  two 
layers  of  different  optical  density  can  be  used  to  determine  the  coefficients 
of  absorption  and  scattering,  and  gave  a  sample  nomograph  for  two  specific 
depths  of  the  cel  (0.035  and  0.1  cm.),  which  is  reproduced  in  figure  22  38 
However  he  did  not  point  out  that  his  two-constant  formula  is  correct 

transmitted  light"  “  ‘°  COmPlete  diffuseness  of  the 

Procedures  of  the  above-described  type  can  be  applied  with  a  fair  de 

SllSpeT°m •  and  il  is  desirable  that  future  investiga- 
•  spectra  of  such  systems  make  use  of  them.  The  application  of 
untley  s  nomograph  to  leaves  or  thalli  also  is  possible,  but  one  has  to  re- 
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member  that  the  statistical  theory  deals  with  random  distributions  of  large 
numbers  of  small  colored  particles,  and  therefore  does  not  take  into  account 
the  “sieve  effect,”  which  may  be  caused  by  regular  alignment  of  the  com¬ 
paratively  large  chloroplasts.  The  result  of  this  effect  is  the  admixture 


Fig.  22.38.  Nomograph  for  calculation  of  absorption  and  scattering  coefficients  in 
turbid  media  from  two  transmission  measurements  (after  Wurmser  1941). 

(22.17)  To/T  =  cosh  dy/ a{a  +  <rj  +  2a(«~+^)  Sinh  d ^ +  ^ 


of  white  light  to  the  transmitted  flux,  i.  e.,  a  decrease  in  absoption  at  all 
wave  lengths.  In  the  determination  of  the  apparent  absorption  coefficient  , 
this  decrease  must  have  the  largest  effect  in  the  absorption  peaks,  and  a 
lesser  effect  in  the  regions  of  low  absorption.  It  thus  helps  to  make  ab¬ 
sorption  less  selective. 


The  sieve  effect  is  negligible  in  Chlorella  suspensions,  since  the  cells  in  such  a  sus- 
pension — unlike  the  chloroplasts  in  a  leaf-are  distributed  at  random  suspensions 

used  in  the  experiments  of  Noddack  and  Eichhoff  contained  about  1  X  10  cells/ml  m  a 
plane-parallel  vessel  3.9  cm.  thick.  The  average  diameter  of  a  Chlorella  cell  is  abou  M, 
^itraveragl  cross  section  is  10-  cm.-so  that  4  X  10’  cells  would  cover  a  surface  o 
1  -•  with  eight  complete  layer,  Stages  .uedict that.  the  probab^f  a  bean^ 
traversing  such  a  suspension  without  striking  a  single  ceil  is  e 
negligible. 

According  to  page  683,  the  number  of  chloroplasts  in  a  fully  green  leaf 
is  sufficlt  to  fo™  five  0;  ten  continuous  layers;  the  stat.st.cal  probab.l- 
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ity  that  a  beam  of  light  passes  between  all  these  chloroplasts,  distributed 
at  random,  is  between  2  X  10"3  and  5  X  10~5.  Consequently,  if  the  dis¬ 
tribution  of  the  chloroplasts  were  random,  the  sieve  effect  would  be  negli¬ 
gible.  However,  the  effect  can  become  important  if  the  alignment  of 
chloroplasts  attains  a  high  degree  of  regularity.  The  results  ol  Schanderl 
and  Kaempfert  (1933)  (Table  22.1)  point  toward  a  measure  of  success 
that  nature  has  achieved  in  this  regulation  (c/.  fig.  22.5).  In  very  young 
or  thin  tissues,  the  sieve  effect  is  important  even  without  an  alignment  of 
the  chloroplasts.  Meyer  (1939)  mentions  that  he  was  unable  to  measure 
the  absorption  spectra  of  the  seedlings  of  Tradescantia,  and  of  oat,  because 
“chlorophyll  in  these  seedlings  was  so  granulated  that  they  appeared  in 
transmitted  light  not  green  but  checkered,  consisting  of  wiiite  and  dark 
spots.” 


One  way  of  viewing  the  sieve  effect  is  to  consider  the  mutual  “shading”  of  molecules 
in  each  colored  particle,  which  prevents  them  from  exercising  their  full  absorbing  capac¬ 
ity;  this  interference  obviously  cannot  become  effective  unless  the  light  is  markedly 
weakened  by  the  passage  through  a  single  particle.  This  condition  is  satisfied  in  the 
chloroplasts,  since  in  the  peaks  of  the  absorption  bands  of  chlorophyll  a  single  chloro- 
plast  absorbs  more  than  50%  of  incident  light  ( cf .  page  683). 


Until  quantitative  theories  have  found  actual  systematic  application  to 
cell  suspensions,  if  not  to  leaves  and  thalli,  the  question — wThat,  if  any, 
changes  in  the  true  shape  of  the  absorption  bands  can  be  deduced  from,  the 
spectra  of  live  plants  will  beg  detailed  answrer.  Several  qualitative  indices 
that  such  changes  do  occur  can  be  noted  even  nowr,  but  none  of  them  is 
entirely  reliable.  These  indications  are:  enhanced  absorption  in  the 
far  red  and  near  infrared  (to  which  we  referred  on  page  654),  decreased 
absoiption  in  the  maximum  of  the  red  band,  and  the  comparatively  weak 
absorption  in  the  blue- violet  region. 

Increased  absorption  in  the  far  red  is  exhibited  not  only  by  leaves  (cf., 
foi  example,  fig.  22.15)  but  also  by  Chlorella  and  Chroococcus  suspensions 

o^o21,  22-22  and  22'23)  and  aqueous  protein-pigment  suspensions 
(fag.  21.28A).  In  the  experiments  of  Smith  (1941),  this  excess  absorption 
was  observed  to  disappear  upon  the  addition  of  a  detergent,  digitonin 
(compare  figure  21.28A  with  B);  he  therefore  attributed  it  to  scattering. 

c  inference  that  may  be  explained  in  the  same  way  was  noted  by  Rabi- 
iFrTt  Holt  (1946)  between  the  transmission  and  the  absorption 
tt  a  °  cl0,°Plastin  dispersed  by  ultrasonic  weaves  (cf.  fig  22  15) 

far  redebvfHvrm°n;e;d  bn0re’  a  Str0ngly  enhanced  absorption  in  the 
'  Chlorella  cells  is  recognizable  also  in  Noddack  and  Eich- 

function  aT  ill  ten  1  to'>’  'm"*  ('lmless  the  integrating  apparatus  failed  to 

I Xs“it  isT  I1.0?6  affected  by  scattering  in  the  way  - 

led  by  bnnth.  It  is  true  that,  as  explained  on  page  711,  scattering,  by 


71 0 


LIGHT  ABSORPTION  BY  PIGMENTS  IN  VIVO 


CHAP.  22 


changing  the  average  length  of  the  light  path  in  the  medium,  could  also 
change  the  absorption  spectrum  (log  I/S  as  function  of  wave  length,  which 
is  what  fig.  22.21  represents).  However,  it  appears  impossible  that  the 
light  path  in  the  Chlorella  suspension  could  be  so  lengthened  by  scattering 
as  to  replace  the  practically  complete  transparency  of  the  pigment  extract 
at  800  m/i,  by  an  absorption  of  over  10%.  If  Noddack  and  Eichhoff’s  re¬ 
sults  can  be  relied  upon  (which  is  not  certain)  we  are  led  to  consider  the 
spread  of  the  chlorophyll  absorption  in  living  cells  into  the  far  red  and  in¬ 
frared,  a  genuine  change  in  the  absorption  curve  of  the  green  pigment.  It 
may  be  noted  (c/.  fig.  22.48B)  that  the  absorption  curve  of  Chroococcus 
(a  Cyanophycea) ,  calculated  by  superposition  of  the  absorption  curves  of 
all  the  extracted  pigments,  although  it  is  very  close  to  the  transmission 
curve  of  a  living  cell  suspension  (probably,  because  of  the  absence  of  chloro- 
plasts  and  consequent  reduction  of  scattering),  nevertheless  also  shows 
enhanced  absorption  in  the  far  red. 

Increased  absorption  in  the  green,  which  is  so  striking  a  feature  of  leaf 
spectra,  may  or  may  not  indicate  a  genuine  change  of  the  chlorophyll  spec¬ 
trum.  The  above-mentioned  Chroococcus  curve  shows  no  similar  effect. 
In  interpreting  the  absorption  in  this  region,  one  has  to  consider,  in  addi¬ 
tion  to  scattering,  also  the  possible  presence  in  living  cells  of  protochloro¬ 
phyll,  pheophytin  or  other  relatives  of  chlorophjdl  that  have  absorption 
bands  in  the  middle  of  the  visible  spectrum.  The  possible  extensive  spread 
toward  the  longer  waves  of  the  absorption  bands  of  the  carotenoids  also 
has  to  be  taken  into  account. 

Decreased  absorption  by  live  cells  in  the  maximum  of  the  red  band,  shown 
in  figures  22.21  and  22.22,  cannot  be  explained  by  a  sieve  effect  (which  is 
negligible  in  cell  suspensions);  diffuse  reflection,  too,  probably  is  insuf¬ 
ficient  to  account  for  this  effect.  A  certain  flattening  of  the  red  band  may 
therefore  also  be  characteristic  of  the  true  absorption  curve  of  chlorophyll 

in  the  living  cell.  .  1Q<m 

Table  22.VII  shows  that  (as  first  noticed  by  Wurmser  in  1921)  the 

ratio  of  the  apparent  absorptions  in  peaks  of  the  blue-viokt  band  and  of  the 
red  band  is  low  in  algae  (about  1.5)  and  particularly  m  leaves  (about  1.0  , 
as  compared  with  pigment  extracts  (1.75).  The  blue-violet  rays  are  scat¬ 
tered  more  strongly  than  red  ones;  but  this  could  not  explain  a  decrease 
in  their  absorption.  (Such  an  effect  would  only  be  undersUmdaWe  if  the 

diffuse  reflection  of  blue-violet  light  by  eaves  were  ^  ‘  22  32  The 
|i„hf  but  no  such  effect  is  revealed  by  figures  22.12  or  22.32.) 
comparatively  weak  absorption  of  blue-violet  light  by  plants  is  made  even 
less  understandable  by  the  fact  that  yellow,  water-soluble  pigments  piesent 
in  leaves  must  enhance  the  absorption  in  this  region.  , 

However,  Seybold  and  Weissweiler  (1943)  opposed  Noddack  am)  Ei 
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h off’s  assertion  (fig.  22.21)  that  live  Chlorella  cells  absorb  less  light  than  the 
pigment  extract  in  the  region  550-680  m/i ;  they  found  the  absorption 
of°the  cells  to  be  the  same  as  that  of  extracts  in  the  peaks  of  the  bands,  and 
greater  everywhere  else. 

The  weaker  absorption  by  living  cells,  compared  with  the  pigment  ex¬ 
tract,  in  the  blue  and  violet  region  was  noticed  by  Emerson  and  Lewis 
(1942)  also  in  the  spectrum  of  the  blue-green  alga  Chroococcus  ( cf .  fig. 
22.48B),  which  is  almost  free  of  scattering  effects. 

t 

C.  Distribution  of  Absorbed  Energy  among  Pigments* 

The  allotment  of  absorbed  light  energy  to  the  several  pigments  is  very 
important  for  the  interpietation  of  the  quantum  yield  of  photosynthesis 
and,  in  particular,  for  the  understanding  of  the  role  of  the  accessory  pig¬ 
ments — carotenoids  and  phycobilins. 


1.  Effects  of  Spatial  Distribution  of  Pigments  in  the  Cell 

The  first  step  in  the  apportionment  of  absorbed  energy  is  separation  of 
the  absorption  by  the  “photosynthetic”  pigments — chlorophylls,  carote¬ 
noids  and  phycobilins — from  that  by  pigments  such  as  the  flavones  and 
anthocyanines,  which  probably  bear  no  relation  to  photosynthesis  at  all. 
This  question  was  discussed  before  (cf.  page  685);  figure  22.10  was  given 
as  illustration  of  the  extreme  case  of  leaves  of  the  “purpurea”  variety,  in 
which  a  very  considerable  part  of  incident  light,  particularly  in  the  green, 
is  absorbed  by  the  water-soluble  red  pigments. 

The  piesence  of  pigments  of  this  type  complicates  matters  not  only  by 
adding  new  components  to  the  composite  absorption  spectrum,  but  also 
by  laising  the  problem  of  “color  filters”:  Generally  the  apportionment  of 
the  absorbed  light  energy  to  different  pigments,  in  the  region  of  common 
absorption,  requires  the  knowledge  not  only  of  the  true  absorption  curves 
of  the  pigments  in  the  state  in  which  they  are  present  in  the  living  cells 
but  also  of  their  microscopic  and  submicroscopic  distribution.  In  the 
case  of  flavones  and  anthocyanines,  it  is  definitely  known  that  their  dis- 
tnbufon  is  different  from  that  of  chlorophyll-they  are  concentrated,  not 
n  the  chloroplasts,  but  in  the  cell  walls  and  vacuoles,  and  thus  form  “color 

^c«rr  the  chloroplasts  (cf.  the  calculations  of  Noddack 
and  Eichhoff  1939).  This  makes  it  particularly  advisable  to  use,  for  quan¬ 
titative  study  of  photosynthesis,  plants  containing  as  little  nonplastid 
pigments  as  possible.  nonpiastid 

Even  if  the  flavones  and  anthocyanines  are  absent,  and  the  obiect  stud 

trxr  » i  *  -  ~st 
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that  the  submicroscopic  structure  of  the  plastids  (discussed  in  Vol.  I, 
chapter  14,  and  illustrated  by  fig.  14.6)  does  not  place  some  pigments  in  a 
different  position  with  respect  to  light  absorption  than  others.  We  may 
hope  that  studies  with  the  electron  microscope  and  investigations  of  the 
optical  properties  of  the  plastids  (birefringence,  dichroism  etc.)  will  reveal 
more  about  the  arrangement  of  molecules  in  these  bodies.  Pending  these 
developments,  all  estimates  of  the  relative  contributions  of  different  pig¬ 
ments  to  the  absorption  of  light  by  plants  must  be  based  on  the  assump¬ 
tion  of  an  identical  proportional  composition  of  the  pigment  mixture  in 
every  point  of  the  cell  or  tissue. 


2.  Apportionment  of  Absorption  in  Uniform  Mixture 


If  it  can  be  assumed  that  the  pigment  mixture  in  the  cell  or  tissue  under 
investigation  has  uniform  composition — meaning  that,  wherever  the  mix¬ 
ture  is  present,  it  has  the  same  relative  composition  (but  not  that  the  same 
absolute  concentration  of  mixture  is  present  everywhere) — the  contribu¬ 
tion  of  the  ith  pigment  to  the  total  absorption  by  the  mixture  at  a  given 
wave  length,  Aiy  is  proportional  to  the  product  Cjo:*,  where  ct  is  the  concen¬ 
tration  and  oti  the  absorption  coefficient  of  this  component. 


(22.18) 


At  —  A(Cta»/2,Cia<) 


Whatever  the  length  and  shape  of  the  path  of  the  light  beam  in  the 
medium,  equation  (22.18)  applies  to  absorption  in  every  infinitely  small 
element  of  this  path;  therefore,  it  applies  also  to  the  integral  light  absorp¬ 
tion,  independently  of  scattering  or  other  geometrical-optical  phenomena. 

The  relative  concentrations,  ci}  can  be  determined,  e.  g.,  by  extraction 
and  photometric  estimation;  the  correct  value  of  the  total  absorption,  A 
(i.  e.,  the  value  corrected  for  reflection  and  scattering),  can  be  determined, 
for  each  wave  length,  by  the  methods  discussed  in  part  A.  The  applica¬ 
tion  of  equation  (22.18)  therefore  hinges  primarily  on  the  knowledge  of  the 
true  absorption  coefficients  of  all  pigments  in  the  state  in  which  they  are 

present  in  the  cell ,  and  here  the  difficulty  comes  in. 

In  part  B,  we  referred  to  statistical  theories  whose  application  may  per¬ 
mit  the  determination  of  the  average  absorption  coefficients  of  the  pigment 
mixture,  from  measurements  of  transmission  and  reflection  (or  two  reflec¬ 
tion  measurements,  or  two  transmission  measurements  with  different  opti¬ 
cal  densities).  In  figures  22.37  and  22.38  we  gave  examples  of  nomographs 
that  could  be  used  for  this  purpose,  provided  both  the  f  ^mitted  and  re¬ 
flected  light  fluxes  are  perfectly  diffuse;  and  we  suggested  that  these  (o. 
other  similar  theories)  be  used  in  the  future  in  the  optical  study  of  cell  sus- 

pensions,  leaves  and  thalli. 
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Even  after  the  average  absorption  curve  of  the  pigment  mixture  has  been 
determined,  this  will  not  give  us  the  desired  knowledge  of  the  absorption 
curves  of  the  individual  pigments ;  but  it  will  be  a  step  in  the  light  diiec- 
tion:  Some  sections  of  this  average  absorption  curve  will  be  due  to  a  single 
pigment  or  a  small  group  of  related  pigments  ( e .  g.,  the  part  above  550  m/x 
in  green  plants,  to  chlorophylls  a  and  b,  and  in  brown  algae,  to  chlorophylls 
a  and  c).  The  changes  in  shapes  of  the  absorption  bands,  found  in  these 
regions,  may  be  considered,  by  analogy,  as  valid  also  for  the  bands  of  the 
same  pigments  in  the  regions  of  composite  absorption.  (However,  the  dif¬ 
ferent  polarizabilities  of  a  molecule  in  different  electronic  states,  and  the 
possibility  of  resonance  effects  between  molecules  with  overlapping  absorp¬ 
tion  bands  call  for  caution  in  the  use  of  such  analogies.) 

By  constructing  true  absorption  curves  of  cells  or  plastids  with  varying 
contents  of  the  individual  pigments,  one  can  hope  to  assemble  material 
whose  analysis  will  permit  derivation  of  the  absorption  curves  of  the  indi¬ 
vidual  components.  (Here,  too,  caution  will  be  needed  because  resonance 
phenomena  may  destroy  simple  additivity  of  absorption  coefficients.) 

In  the  light  of  these  considerations,  all  attempts  undertaken  so  far  to 
apportion  the  light  energy  absorbed  by  plants,  among  individual  pigments, 
are  but  first  crude  approximations.  In  some  of  these  studies,  the  analysis 
was  made  entirely  on  the  basis  of  comparison  of  the  spectra  of  extracts 
with  those  of  the  solutions  of  separated  pigments.  In  others,  a  certain 
improvement  was  achieved  by  assuming  that  all  bands  were  shifted  in  vivo 
by  the  same  amount,  without  change  of  shape.  In  a  third  group  of  inves¬ 
tigations,  the  analysis  was  further  improved  by  assuming  individual  values 
for  the  shifts  of  the  bands  of  different  pigments;  but  still  no  attempt  was 
made  to  take  into  consideration  the  possible  changes  in  shapes  of  the  bands. 


3.  Absorption  by  Chlorophylls  a,  b,  c  and  d 

All  absorption  of  light  by  chlorophyllous  plants  or  plant  organs  at 
nave  engths  longer  than  550  mg  can  be  attributed  to  the  chlorophylls 
except  in  red  and  blue  algae,  where  phycobilins  may  absorb  light  up  to  650 

carl,, "’l  C/\,  St  2139  a‘ld  2L40)’  a,,d  PU,'ple  baCt6ria-  "'»<*  contain 
carotenoids  with  absorption  maxima  at  550-570  mg  (c/.  fig.  22.27  and  Table 

,  X°  *e™»*s  attempts  have  been  made  to  apportion  the  absorption  be- 
«een  chlorophylls  a  and  b.  A  crude  idea  of  this  distribution  in  an  ex 
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100%.)  1  his  figure  is  too  crude  to  reveal  an  increased  participation  of 

chlorophyll  b  in  the  region  of  its  band  maximum  in  the  red;  but  shows 


'ig- 


WAVE  LENGTH,  m/t 

Fie.  22.40.  Light  absorption  by  Fig.  22.41.  Proportions  of  light  absorbed 
chlorofucin  (chlorophyll  c),  in  per  by  chlorophylls  a  and  i  in  a  methanol  ex- 
ccnt  of  total  absorption,  by  a  moth-  tract  of  KrylhrophyU.m  Messrno.des  (after 
“ol  extract  from  diatoms  (after  Manning  and  Strain  1943).  Absorption  by 
Strain  and  Manning  1942).  red  and  yellow  pigments  is  not  considered 

in  the  calculation. 

clearly  such  an  effect  in  the  blue,  between  450  and  530  mp,  where  the  ab¬ 
sorption  by  the  5-component  is  up  to  five  times  stronger  than  that  by  chloi  o- 

phyll  a. 
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Much  more  precise  measurements  were  made  by  Strain  and  Manning 
(1942)  with  the  chlorophyll  a  +  c  mixture  extracted  from  diatoms,  and  by 
Manning  and  Strain  (1943)  with  the  chlorophyll  a  +  d  mixture  from  red 
algae.  Figures  22.40  and  22.41  show  that  chlorophyll  c  (chlorofucin) 
contributes  about  90%  of  total  chlorophyll  absorption  at  570  m/x;  while 
chlorophyll  d  accounts  for  60%  of  the  total  chlorophyll  absorption  at  470 
and  90%  at  7 1 0  m/x. 

These  figures  arc  for  methanol  extracts.  The  relative  roles  of  the 
chlorophyll  components  in  the  absorption  of  light  in  vivo  are  uncertain. 
In  the  case  of  chlorophyll  6,  not  even  the  position  of  its  red  absorption  peak 
in  vivo  is  known  with  any  certainty  ( cf .  page  701).  It  was  suggested  (cf. 
page  612)  that  alternation  of  the  absorption  maxima  of  chlorophylls  a  and 
b  in  the  red,  orange  and  yellow,  best  shown  by  figures  21. 1 A  and  B,  may  be 
nature’s  means  to  ensure  most  effective  light  absorption  throughout  this 
region;  but  all  these  bands  are  so  broadened  in  leaf  absorption  spectra 
that  it  is  doubtful  whether  the  absorption  by  the  natural  mixture  a  -f-  b 
is,  at  any  wave  length  above  550  m/x,  markedly  different  from  what  would 
prevail  if  either  of  the  two  components  were  alone  present  in  equivalent 
concentrations.  The  situation  is  different  below  550  m/x.  The  region  of 
prevalent  absorption  by  the  6-component,  which  we  noted  in  extract  at 
450-530  m/x  (fig.  22.39),  in  all  probability  exists  also  in  live  green  cells. 
Because  of  the  red  shift  it  probably  extends  in  vivo  from  about  460  to 
about  540  m/x.  In  this  region,  the  presence  of  chlorophyll  6  may  be  of 
considerable  importance  from  the  point  of  view  of  enhanced  light  absorp¬ 
tion  by  green  leaves  and  algae. 


4.  Absorption  by  Carotenoids  in  Green  Plants 

The  distribution  of  light  between  the  chlorophylls  and  the  yellow  caro- 
teno,ds  of  green  plants  in  the  region  below  550  m*  has  been  mueh  discussed 
f  l  e  first  estimate  was  made  by  Warburg  and  Negelein  (1923)  I„  their 
calcu!at,ons  of  the  quantum  yield  of  photosynthesfs  (cf.  chapter  29)  they 

3(10/ 6f  ’tf'T.T ' T*  rctra’ that  the  caroten°ids  of  Chlorella  account  for 
30%  of  the  total  absorbed  light  at  436  m,.  or 

SeyboMre(19364)2  tZ  ™  ^  °f  the  first  mOTe  d“  estimate  by 
uhki  (1936)  based  on  spectroscopic  measurements  with  an  extract 

om  leaves  of  Phaseolus  vulgaris  Figure  22  3Q  mm-  +  i  • 
for  the  multicellular  green  alga  Uhn  2?  I  rePrffnte<l  similar  data 
tion  by  carotene  and  the  m  r  i '  1  11S  ^raP  1  shows  the  absorp- 

phylls  a  +  6  a  and  «  ^  ^  “ that  ^ the  chlo£ 

tenoids  becoming  noticeable  below  530  m!  (TJ  ^7  absorpt  ,on  by  the  car°- 

^  —  -  -  i^rbonXlfide  “he  £i“ 
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participation  of  the  carotenoids  in  total  absorption  is  indicated  between  450 
and  520  in  methanol,  and  up  to  550  m/x  in  carbon  disulfide. 

A  considerably  more  precise  analysis  was  made  by  Emerson  and  Lewis 
(1941,  1942,  1943).  They  measured  the  transmission  of  a  Chlorella  sus- 


Fig.  22.42.  Absorption  by  all  pigments  (a  +  b  +  c  +  x)  from  100  cm.2 
of  leaves  of  Phaseolus  vulgaris  in  methanol,  compared  with  absorption  by 
an  extract  of  the  chlorophylls  a  -)-  b  in  methanol,  and  by  extracts  ot  the  caro¬ 
tenoids  c  +  x  in  methanol  (1)  and  carbon  disulfide  (2)  (Seybold  1936). 
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Fig.  22.43.  Absorption  spectra  of 
ethanol  solutions  of  pigments  extracted 
quantitatively  from  Chlorella  cells 
(after  Emerson  and  Lewis  1943).  At 
wave  lengths  over  520  mu,  the  spec¬ 
trum  of  chlorophyll  fraction  coincides 
with  that  of  the  total  extract. 


C/1 


Fig.  22.44.  Comparison  of  absorption 
spectra  of  extracted  pigments  (shifted  as 
described  in  text)  and  of  intact  Chlorella 
cells  (after  Emerson  and  Lewis  1943). 
Curve  for  intact  cells  shows  absorption 
due  to  cell  suspension  1 .4  cm.  thick,  con¬ 
taining  0.96  mm.3  cells/ml. 


pension  and  the  spectra  of  the  total  pigment  extract  and  of ‘he  dividual 
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and  accounts  for  about  50%  of  total  absorption  between  500  and  450  m/i; 
below  450  m/x,  the  absorption  by  the  chlorophylls  again  becomes  predom¬ 
inant. 

Figure  22.44  is  an  attempt  to  interpret  the  conditions  in  living  cells. 
It  shows  the  transmission  spectrum,  log  ( T0/T ),  of  the  cell  suspension — 
it  would  be  better  if  it  were  the  absorption  spectrum,  log  I/S.  Also  shown 
is  a  composite  absorption  spectrum  of  the  pigments  obtained  by  shifting 
the  chlorophyll  bands,  derived  from  the  preceding  figure,  above  550  m/x, 
toward  the  red  by  10  m/x,  and  below  580  m/x,  by  G  m/x  (it  would  be  simpler 
to  make  the  plot  on  the  frequency  scale  and  use  a  uniform  shift!);  the 
carotenoid  bands,  derived  from  the  preceding  figure,  were  shifted  by  14  m/x. 
(The  values  used  for  chlorophyll  may  be  a  little  low;  cf.  page  706.) 

Two  breaks  in  intact  cell  curve  are  at  points  where  cell  suspension  was 
stirred  and  filters  in  monochromator  were  changed.  The  dotted  curve 
shows  fraction  of  total  absorbed  light  absorbed  by  carotenoids,  based  on 
the  curve  for  extracts  after  introduction  of  wave  length  shifts. 

The  difference  between  the  composite  absorption  curve  for  total  pig¬ 
ments  and  the  much  more  diffuse —  transmission  curve  of  the  cell  sus¬ 
pensions  can  be  due  (as  discussed  in  part  B)  partly  to  scattering  and  partly 
to  intrinsic  changes  in  band  shapes.  A  theoretical  treatment,  as  de¬ 
scribed  on  pages  711-714,  could  eliminate  the  scattering  effect  and  reveal 
more  clearly  the  intrinsic  alterations  of  the  pigment  spectra;  but  no  at¬ 
tempt.  was  made  to  take  scattering  into  account,  and  the  proportion  of 
light  absorbed  by  the  carotenoids  was  calculated  simply  by  comparison  of 
the  absorption  curve  of  the  combined  extracts  in  figure  22.44  with  those  of 
the  individual  extracts  in  figure  22.43  (after  appropriate  “red  shifts”  of 
the  latter).  The  results,  indicated  by  the  dotted  line,  show  40%  absorp¬ 
tion  by  the  carotenoids  at  520  m/x,  a  maximum  of  75%  at  500  m/x,  a  second¬ 
ary  maximum  of  about  55%  at  460  m/x  and  a  decline  to  about  25%  below 

to  th^o  ““ds  significantly 

ward. 


to  the  total  absorption  of  plastid  pigments  in  Chlorella  from  530  m/x  down- 


5.  Absorption  by  Carotenoids  in  Brown  Algae 

Brown  algae  (including  diatoms)  contain  no  chlorophyll  b  and  should 

Sn“08  ^  Pag,1'  ?’ m°re  **  ‘hangrL  pianttte 

able  amounts  of  green  lighHSlt-SSOmt"  “‘T’  they,abs0,'b 
Of  fucoxantho.  in  solution  does  not  extend  tZJ  tL  ted^y  7X  tlT 
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that  of  luteol — i.  e.,  not  much  beyond  510  niju — the  brown  color  can  be 
attributed  to  fucoxanthol  only  by  assuming  a  very  wide  shift  of  absorption 
bands  (or  their  strong  broadening  toward  longer  waves).  According  to 
page  700,  Menke  had  in  fact  found  indications  that  the  absorption  peaks  of 
fucoxanthol  in  live  Laminaria  cells  are  situated  as  far  toward  the  red  as  at 
499  and  545  m^u  (instead  of  457  and  492  mju  in  ethanol  solution,  according 
to  Table  21. IX).  Attempts  to  analyze  the  absorption  by  brown  algae, 
described  below,  have  not  taken  into  account  the  possibility  of  such  a  wide 
shift — not  to  speak  of  any  changes  in  the  width  of  the  bands. 

On  page  657  we  referred  to  a  more  recent  measurement  of  the  extinc¬ 
tion  curve  of  fucoxanthol  in  hexane  by  Karrer  and  Wiirgler,  which  showed 
a  considerably  broadened  band,  extending  to  or  even  beyond  530  m n  (fig. 
21.36). 


Fig.  22.45A.  Absorption  by  extracted  pig¬ 
ments  from  Fucus  vesiculosus  (brown  alga, 
extreme  sun  form)  (after  Montfort  1940). 


Fig.  22.45B.  Absorption  of  ex¬ 
tracted  pigments  from  Laminaria  digi- 
tata  (brown  alga,  12  m.  depth)  (after 
Montfort  1940). 


Figures  22.45A  and  B  are  analyses  of  the  absorption  of  light  by  pigment 
extracts  from  brown  algae,  as  published  by  Montfort  (1940).  iey  are 
reproduced  here,  despite  their  crudeness,  as  examples  of  variations  m  t 
relative  importance  of  fucoxanthol  as  light-absorbing  agent  m  the  hel.o- 
philic”  surface  forms  of  brown  algae,  and  the  "umbrophilic  forms  ot  the 
lone  algae  that  live  in  considerable  depth.  In  the  latter,  I ucoxanthol  ac¬ 
counts  lor  most  of  the  extract  absorption  between  450  and  540  mg,  w  n  e 

“  tJSTi  -  terms  of  the  increase 

in  light  absorption  in  the  spectral  “7— 

Sr tJ^e  carotenoid  increases 
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this  absorption  by  40  to  60%  in  the  region  500-550,  and  by  30%  m  the 
region  450-500  in//.  In  brown  algae  and  diatoms,  the  absorption  increase 
due  to  the  carotenoids  is  much  larger,  from  160%  to  400%.  This  is  a 
consequence  of  the  absence  of  chlorophyll  b  and  the  presence  of  fucoxanthol ; 
these  two  pigments  substitute  for  each  other,  despite  their  difference  in 
color. 


Table  22. VI IE 

Ratio  of  Absorption  by  Individual  Pigments  in  Methanol  or  Benzene  and  by 
the  Total  Pigment  in  Methanol"  (after  Montfort  1940) 


550-o00  m/r 

/)00-450  m/i 

Organisms 

Chl. 

X. 

(including 

F.) 

P’< 

Chl. 

X. 

(including 

F.) 

C. 

pb 

Diatoms . 

0.34 

0 . 40c 

3 

0.20 

0.82 

0.24 

5 

Phaeophyceae 

Laminaria  digitata 
taken  from  12  m. 
depth . 

0.38 

0.69" 

2.6 

0.32 

0.93 

0.33 

3.1 

Fucus  vesiculatus 
from  the  surface . 

0.24 

0.80 

4.2 

0.22 

0.91 

0  30 

4.5 

Chlorophyceae 

Ulva  lactuca . 

0.73d 

(0.33)" 

0.34 

1.37 

0.75d 

(0.47)c 

0.56 

0.25 

1.33 

Leaves 

Phaseolus  vulgaris f . 

— 

— 

1.6 

(0. 19)e 

_ 

. 

1.3 

llut  auu  unity  uecause  mey  uo  not  represent  the 
proportions  in  which  the  energy  absorbed  by  the  pigment  mixture  is  divided  between  the 
individual  pigments,  but  rather  the  ratios  tabsorption  by  the  separated  pigments): 
(absorption  by  the  mixture).  Chi.  =  chlorophyll  (in  methanol),  X.  =  carotenols  (in 
methanol),  t .  —  fucoxanthol  (in  methanol),  C.  =  carotene  (in  benzene). 

P  =  factor  by  which  total  absorption  is  increased  by  the  presence  of  carotenoids 
r .  alone. 

d  Chl.  a  +  b. 

*  Chl.  a  alone. 

of  witoSlublfydfiw  pigment  'eaVeS  °'  th“  Sp6CieS  °°ntain  a  considemb'e  entity 


A  considerably  more  detailed  analysis  of  the  absorption  by  diatom  pig. 
ments  was  made  by  Dutton  and  Manning  (1941);  the  results  are  repro¬ 
duced  in  figure  22.40.  They  are  based  on  measurements  with  acetonie  pig. 
mont  extracts  from  mtzschia  doslerium.  In  constructing  the  figure 
Dutton  and  Manning  postulated  a  shift  of  all  absorption  bands,  those  ol 
chlorophyll  as  well  as  those  of  the  carotenoids,  by  20  m„. .  (They  based 
Hus  assumption  on  the  observation  that,  in  the  spectrum  of  this  diatom  the 
maximum  of  the  red  chlorophyll  band  was  recognizable  at  680  mM-  ’  the 
maximum  of  the  blue-violet  hand,  although  not  distinct  in  the  cell  sp^trum 
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itself,  could  be  recognized  in  the  spectrum  of  a  bile  salt  extract  and  ap¬ 
pealed  to  be  shifted  by  about  the  same  amount — 15  m/x.)  We  know,  how¬ 
ever,  that  the  blue-violet  band  of  chlorophyll  is  shifted  by  approximately 
the  same  amount  as  the  red  band  on  the  frequency  scale  (and  not  on  the 
wave  length  scale),  and  the  bands  of  the  carotenoids — particularly  those  of 


Fig  22.46.  Distribution  of  absorption  in  acetone  extracts  from  Nitzschia 
closterium  (after  Dutton  and  Manning  1941).  Lowest  curve,  chlorophyll  a. 
Middle  curve,  chlorophyll  a  +  carotenoids  other  than  fucoxanthol.  Top 

curve,  all  pigments. 


fucoxanthol — probably  are  shifted  much  further  than  those  of  chlorophyll. 
Thus,  figure  22.46  must  contain  considerable  errors.  The  absorption  by 
fucoxanthol  above  500  mM  probably  is  much  stronger  than  shown  with 
the  consequent  increase  in  general  absorption  in  this  region.  (  igure 
represents  a  green  rather  than  a  brown  mixture!) 
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A  still  more  detailed  analysis  of  the  spectrum  of  a  diatom,  Navicula 
minima ,  was  undertaken  by  Tanada  (1951).  By  extracting  the  pigments 
stepwise  with  aqueous  methanol  of  different  concentrations,  he  obtained 
evidence  of  the  following  “red  shifts”  in  the  blue-violet  region  (compared 
to  methanolic  solution):  chlorophyll  a,  8  mp,  chlorophyll  c,  20  m/x;  fucox- 
anthol,  40  mg;  other  carotenoids,  20  m/x-  A  comparison  of  the  cell  spec¬ 
trum  with  the  sum  of  so  adjusted  pigment  spectra  can  be  found  in  fig. 
30.9B. 


How  wary  one  must  be  in  drawing  conclusions  based  on  a  uniform  shift  of  the  bands 
of  several  pigments  is  illustrated  by  figure  22.47,  taken  from  Strain  ( 1938):  It  shows  the 
absorption  curves  of  barley  leaf  extracts  in  ethanol  and  in  ether,  and  the  corresponding 
curves  for  the  separated  yellow  and  green  pigments,  in  the  same  solvent.  In  ether,  up 
to  90%  of  the  total  absorption  in  the  region  470-500  m/x  is  due  to  the  yellow  pigments, 
and  less  than  10%  is  absorbed  by  chlorophyll;  in  alcohol,  on  the  other  hand,  the  green 


«.  F'g‘  Effo®t  of  solvcnt  on  absorption  spectra  of  barley  leaf  pigments  (after 

Strain  1938).  «  referred  to  1  g.  fresh  leaves  in  1  I.  solution.  I  all  etherToLble  pfg- 

III,  carotenoids. 


ments;  II,  chlorophyll  a  and  b ; 


pigments  account  for  about  one  half  of  the  total  absorption  in  the  same  reeion  TK 

““^0^“  tranSiti°n  tr°m  6ther  t0  causesTst^ 

polar  carotenoidsVu  ^  -  -  * 


LOG  (T0/T) 
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6.  Absorption  by  Carotenoids  and  Phycobilins  in  Blue-Green  Algae 

Emerson  and  Lewis  (1943)  analyzed  absorption  by  the  pigments  in 
the  blue-green  alga  Chroococcus,  in  the  manner  described  on  page  722  for 
Chlorella.  Figure  22.48A  illustrates  the  absorption  in  alcoholic  extract 
containing  chlorophyll  and  the  carotenoids,  and  in  aqueous  extract  con¬ 
taining  the  phycocyanin-protein  complex.  The  separation  of  the  ab¬ 
sorption  regions  is  much  neater  than  in  green  plants:  above  650  nyu, 
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400  440  480  520  560  600  640  680 
WAVE  LENGTH,  m/i 

A 


400  440  480  520  560  600  640  680  720 
WAVE  LENGTH, 

B 

Fig.  22.48.  Analysis  of  spectrum  of  Chroococcus  (blue  alga)  (after  Emerson  and 
Lewis  1943).  (A)  Absorption  spectra  of  extracted  pigments  in  ethanol,  and  of  phyco- 

cyanin  in  water.  (B)  Absorption  spectra  of  intact  cells  (1.26  mm.3  cells/ml.,  layer  1.4 
cm.  thick),  combined  extracts  (calculated  from  A  by  shifting  bands  as  described  in  text) 
and  of  water  extract  (containing  all  pigments).  Water  extract  curve  has  changed  shape, 
indicating  alteration  of  the  phycocyanin-protein  complex  by  extraction. 

absorption  is  due  mainly  to  chlorophyll;  between  530  and  640  m/i,  to 
phycocyanin;  and  between  460  and  510  m/i,  to  the  carotenoids  (because 
of  the  absence  of  chlorophyll  b).  Below  440  m/i,  chlorophyll  again  becomes 
the  main  absorber. 

Figure  22.48B  is  the  attempt  to  reconstruct  conditions  in  the  cell.  1  he 
chlorophyll  and  carotenoid  bands  were  shifted,  as  in  the  treatment  of 
Chlorella,  the  first  ones  by  10  m/i  in  the  red,  and  6  m/i  in  the  blue  and i  vio  et, 
and  the  second  ones  by  14  m/i.  The  phycocyanin  band  was  shifted  by 
6  m/i  compared  to  its  position  in  aqueous  extract.  In  the  case  ot  chloro¬ 
phyll  and  the  carotenoids,  the  extraction  was  assumed  to  lie  complete;  in 
that  of  phycocyanin,  the  fact  that  the  620  m/x  absorption  peak  m  the  ex- 
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tract  was  considerably  lower  than  in  the  cell  spectrum  was  taken  as  an  indi¬ 
cation  of  extraction  losses  ( cf .  Vol.  I,  page  418,  about  difficulties  of  quanti¬ 
tative  extraction  of  phycobilins).  Therefore,  in  the  construction  of  the 
“combined  extract”  curve  in  figure  22.48B,  the  phycocyanin  curve  of 
figure  24.48A  was  not  only  shifted,  but  also  increased  in  height  by  a  factor 
sufficient  to  make  the  phycocyanin  peak  of  this  curve  coincide  with  that 
of  the  cell  curve. 

Emerson  and  Lewis  pointed  out  that  the  agreement  between  the  “cal¬ 
culated”  absorption  curve  and  the  empirical  transmission  curve  (fig.  22.48) 
is  much  better  than  in  a  corresponding  construction  for  Chlorella.  They 
saw  the  explanation  of  this  fact  in  the  absence  of  chloroplasts  in  Cyano- 
phyceae,  and  consequent  reduction  of  scattering.  The  remaining  dififer- 


400  440  480  520  560  600  640  680  720 
WAVE  LENGTH, 


Fig.  22.49.  Distribution  of  cell  absorption  in  Chroococcus  among  pigments  (derived 
from  fig.  22. 48 A  and  broken  curve  in  fig.  22.48B)  (after  Emerson  and  Lewis  1943). 


ences  the  enhanced  absorption  by  living  cells  in  the  far  red,  and  their 
weaker  absorption  in  the  blue  and  violet — may  reflect  significant  changes 
in  the  true  absorption  spectrum  of  the  pigment  in  vivo  (cf.  part  B).  The 
curve  for  the  water  extract  of  all  Chroococcus  pigments,  also  shown  in  figure 
22.48B,  may  reflect  changes  due  to  separation  of  the  phycobilin-protein 
from  the  “chromoplastin”  complex  as  a  whole. 

Figure  22.49  shows  the  apportionment  of  the  absorption  by  living 
Cyanophyceae  to  the  three  types  of  pigments.  The  neat  separation  of  the 
absorption  regions,  noted  above  for  the  extracts  from  these  cells,  appears 
even  clearer  m  this  figure.  It  shows  that  blue  algae  (and  perhaps  red  algae 

"?i  °  Tel  Parfc,cularIy  favorable  conditions  for  the  study  of  the  role  of 
ie  different  pigments  in  the  photosynthetic  apparatus. 

The  purple  bacteria,  too,  may  present  favorable  conditions  for  distin¬ 
guishing  between  the  absorption  by  bacteriochlorophyll  and  by  the  caro¬ 
tenoids  because  the  absorption  maxima  of  bacteriochlorophyll  are  situated 
m  the  infrared.  Figures  22.25  and  22.27  showed  the  alternation  o  lie 

egt  below  “'°r:|:hylt1  Md  °f,‘he  fed  bactCTial  caroter>oids  in  the 
0(10  mp,  the  strongest  bands  at  about  500  are  due  to  the 
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carotenoids.  Above  700  m/x,  the  absorption  by  purple  bacteria  is  due  en¬ 
tirely  to  bacteriochlorophyll,  as  shown  in  figure  22.26  by  comparison  of  the 
cell  spectrum  with  the  spectrum  of  the  extracted  green  pigment. 


Appendix.  Natural  Light  Fields* 

The  importance  of  the  various  pigments  in  the  light  economy  of  plants 
cannot  be  hilly  understood  on  the  basis  of  curves  discussed  in  the  preceding 
section,  because  it  also  depends  on  the  spectral  composition  of  the  light 
available  to  the  species  or  individual  plant  under  natural  conditions. 


WAVE  LENGTH, 


Fig.  22.50.  Energy  distribution 
curves  for  solar  radiation  at  differ¬ 
ent  heights  of  the  sun  over  the  hori¬ 
zon  (after  Seybold  1936).  For  38°, 
21°  and  14°  curves,  black  square 
=  2.50  X  10~3  cal. /(cm. 2  min.); 
for  10°  to  2°  curves,  black  square 
=  0.25  X  10~3  cal. /(cm. 2  min.). 


Plants  live  in  “light  fields”  whose  normal  character  depends  on  the  clima¬ 
tic  zone  and  habitat,  and  which  are  also  subject  to  variations  with  the 
season  of  the  year,  the  time  of  day  and  the  meteorological  conditions. 
Three  characteristics  of  natural  light  fields  are  important  to  plants:  then- 
total  intensity,  their  spectral  composition  and  their  periodicity.  There  are 
strong  indications  that  plants  adapt  their  life  processes  m  general  and  then 
photosynthetic  apparatus  in  particular,  to  all  these  three  tactois.  ie 
intensity  adaptation  reveals  itself  in  the  different  characters  ol  umbro- 
phUic"  and  “u mbrophobic”  (or  “heliophilic”)  plants  (shade and  sun  plants), 
ZZatic  adaptation  is  most  strikingly  shown  by  the  occurrence  of  red  algae 


*  Bibliography,  page  738. 
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in  the  depths  of  the  sea;  and  the  periodicity  adaptation  shows  itself  in  the 
distinction  between  long-day  plants  of  the  arctic  zone  and  short-day  plants 
of  the  temperate  and  tropical  zones. 

The  spectral  composition  and  intensities  of  light  fields  in  different  habi¬ 
tats  of  plants  have  been  measured  and  discussed  by  several  authors,  for 
example,  Wiesner  (1907),  Ursprung  (1918),  Seybold  (1934,  1936)  and  Egle 
(1937).  The  factors  that  determine  the  total  intensity  of  the  available 
light  (in  the  photosynthetically  important  region  400-700  m/x)  are  the 
height  of  the  sun  over  the  horizon,  the  clearness  or  haziness  of  the  air, 
cloudiness  and  the  position  of  the  plant  in  direct  sunlight  or  in  the  shade. 


HEIGHT  OF  THE  SUN,  degrees 

Fig.  22.51.  Total  irradiation  and  relative  intensity  of  sunlight  in  relation  to  height  of 
sun  over  the  horizon  (after  Seybold  1936).  Inner  scale  at  left,  cal./(cm.*  min. ). 


Reflection  by  the  surrounding  surfaces  may  also  be  of  importance,  particu- 
arly  for  the  evergreens  (reflection  by  snow!)  and  shore  plants  (reflection 
by  water!)  (cf.  Egle  1937).  Figure  22.50  shows  the  intensity  distribution 
of  the  combined  light  of  the  sun  and  the  sky  for  different  heights  of  the 
sun  over  the  horizon.  The  curves  show  the  transition  from  the  red  light 
of  the  setting  sun  (maximum  intensity  at  680  mM)  to  the  yellow  light  of  the 
sun  in  the  zenith  (maximum  intensity  at  520  mM) .  Figure  22.51  shows  the 
increase  in  the  total  energy  of  the  light,  from  0.1  cal./cm.2  min  at  10° 
elevation  to  0.6  cal./cm.2  min,  at  an  elevation  of  50°.  (The  figures  are 
or  a  surface  normal  to  the  direction  of  the  incident  light;  for  a  horizontal 
siuface  the  variations  are  much  wider.)  When  the  sun  is  obscured  by  light 

to°0  1%  2Gf  1  /  S  ^  mtenSlty  de<~  t0  10  ^  20%  of  its  full  value  (i  e 
to  0. 1-0.2  cal./cm.2  min.  at  midday).  When  the  sky  is  entirely  overcast: 
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the  light  intensity  can  drop  to  as  low  as  0.02  cal. /cm. 2  min.,  or  even  less, 
i.  e.,  to  only  1%  of  full  sunshine.  At  the  same  time,  the  spectral  composi¬ 
tion  changes  in  the  way  characterized  by  figure  22.52,  taken  from  a  paper 
by  Taylor  and  Kerr  (1941);  the  light  intensity  becomes  almost  uniform 
throughout  the  visible  spectrum,  and  the  common  designation  of  such 
days  as  “gray”  proves  to  be  correct. 


Fig.  22.52.  Average  energy  distribution 
curves  for  daylight  (after  Taylor  and  Kerr 
1941).  (A)  Zenith  sky,  color  temperature 

13,700°  K.;  (B)  north  sky  on  45°  plane, 

color  temperature  10,000°  K.;  (C)  totally 

overcast  sky,  color  temperature  6,500°  K; 
(D)  sun  plus  sky  on  horizontal  plane,  color 
temperature  6000°  K;  (E)  direct  sunlight, 
color  temperature  5335°  K. 


Fig.  22.53.  Energy  distribu¬ 
tion  in  the  shade  (after  Seybold 
1936).  ( G )  Edge  of  wood  (black 
square  =  2.5  X  10 -3  cal.  per 
(cm.2  min.);  (1),  (2),  (S)  three 
shade  habitats  of  Oxalis  (black 
square  =  0.025  X  10 _3  cal.  per 
(cm.2  min.). 


When  the  plant  is  in  the  shadow  of  a  rock,  house  or  mountain,  and  re¬ 
ceives  light  mainly  from  the  blue  sky  (“blue  shade”),  the  spectral  composi¬ 
tion  of  its  light  field  is  entirely  different  from  that  to  which  it  is  exposed  in 
direct  sunlight,  as  shown  by  figure  22.52.  The  intensity  of  radiation  from 
a  clear  blue  sky  is  of  the  order  of  20%  of  that  of  full  sunlight  (t.  e.,  about 
0  1  cal./cm.2  min.)  at  sea  level.  It  decreases  with  increasing  altitude, 
as  the  scattering  air  layer  above  becomes  thinner  and  the  color  of  the  sky 

a  deeper  blue.  ,,  a 

The  plants  that  live  in  the  shadow  of  other  plants,  e.  g.,  the  flooi  \  eg  - 

tation  in  the  forest,  receive  their  light  filtered  through  the  chlorophyll  layers 
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of  the  overhanging  foliage.  They  live  in  the  “green  shade.”  Figure  22.53, 
taken  from  Seybold  (1936),  shows  the  spectral  compositions  of  the  light 
field  in  the  midst  of  a  forest,  compared  with  that  at  the  edge.  Character¬ 
istic  is  the  minimum  at  650  m/x,  clearly  corresponding  to  the  absorption 
maximum  of  chlorophyll.  A  large  part  of  radiations  reaching  the  floor  of 
a  forest  are  either  infrared  or  deep  red,  scarcely  visible  to  the  eye  and  use¬ 
less  for  photosynthesis.  The  total  intensity  of  the  light  field  under  the 
trees  (400-700  mu)  is  less  than  10%  of  that  of  full  sunlight  above  the  forest 
and  can  drop  to  as  low  as  1%  in  a  dense  pine  forest  (Seybold). 

An  even  stronger  alteration  in  the  intensity  and  spectral  composition 
of  the  light  field  occurs  when  sun  rays  pass  through  thick  layers  of  water. 

Table  22. IX  gives  some  data  on  the  decrease  in  total  intensity  with  depth. 
The  main  cause  for  this  drop  in  light  intensity  is  the  absorption  by  water 

Table  22. IX 

Decrease  in  Light  Intensity  with  Depth 

0  50  100  200  ft. 


Atlantic  Ocean 

Brightness0 .  1076  114  37  4.4 


0  1  2  5  10  20  m. 

Titisee  Lake 

Intensity6 .  100  57  32  21  13  10 

Bodensee  Lake 

Intensity6. .  100  54  30  15  9  6 


°  Beebe  and  Hollister  (1930),  Hulburt  (1932). 
6  Seybold  (1936). 


itself.  Some  higher  bands  (overtones)  of  the  vibrational  spectrum  of 
water  lie  in  the  visible  spectrum  (the  fundamental  frequencies  are  in  the 
near  infrared).  They  decrease  in  intensity  from  red  to  blue;  in  the  violet 
anti  near  ultraviolet,  however,  the  absorption  increases  again,  probably 
due  to  weak  electronic  bands.  Figure  22.54  shows  the  extinction  curve 
oi  water  in  the  region  360-800  my,  according  to  the  measurements  of 
Aschkinass  (1895)  and  Sawyer  (1931)  (c/.  Dorsey  1940).  A  water  layer 
10  m.  thick  reduces  the  light  intensity  at  640  m/x  by  the  factor  of  10*  a 
layer  1  m.  thick  does  the  same  at  760  m/x ;  100  m.  are  required  for  a  similar 
reduction  at  440  m/x.  Because  of  this  absorption  in  red,  yellow  and  violet 
thick  layers  of  pure  water  are  bluish  green  in  color. 

1  he  absorption  by  natural  waters  in  the  blue  and  in  the  violet  is  usually 
much  larger  than  that  by  pure  water,  due  partly  to  the  presence  of  certain 
inorganic  ions  (e.  g.,  iron)  and  partly  to  that  of  organic  matter  (e  a  the 

:KvL:d^hphytTlankton)-  ™s  *>2'^ 

short  wave  end  of  the  spectrum  gives  natural  waters  a  pure  green  or  even 
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a  yellowish-green  tinge,  as  compared  with  the  bluish-green  color  of  water 
as  such.  Figure  22.55  shows  the  spectral  composition  of  light  in  different 
depths  of  the  Mediterranean  on  a  clear  day  according  to  Seybold  (1934). 


Fig.  22.54.  Absorption  curve  of  pure  Fig.  22.55.  Energy  distribution  under 
water  (a  =  specific  absorption  coefficient).  1-50  m.  water  (after  Seybold  1934). 
S,  Sawyer  (1931).  A,  Aschkinass  (1895). 


Table  22. X 

Spectral  Composition  of  Light  under  Water® 
Italics  indicate  position  of  maximum  of  transmission. 


A.  TRANSMISSION  BY 

A  FIVE 

METER  THICK  LAYER6 

m/x 

Water 

700 

650 

600 

550 

500 

450 

400 

350 

Pure  water  (blue) 

7 

27 

44 

83 

90 

95 

79 

62 

Danish  Sea  (blue-green) 

5 

15 

27 

37 

41 

18 

7 

5 

Pudget  Sound  (green) 

3 

10 

18 

33 

30 

28 

17 

8 

Lake  Mendota  (green) 

0 

3 

8 

8 

6 

4 

2 

0 

B.  SPECTRAL  COMPOSITION 

OF  LIGHT  IN  DIFFERENT  DEPTHS® 

Per  cent 

Depth - 

Red 

Orange 

Yellow 

Green 

Blue 

Violet 

- - - - 

i  a 

IK 

13 

18 

16 

1 

3 

5 

7 

9 


18 

9 

5.5 
0 
0 


20 

17 

17.5 

13 

6 


21 

27 

36 

46 

52 


12 

19 

22 

27 

29 


15 

16 

12.5 

10 

10 


14 

12 

6.5 

4 

3 


•  For  more  information  ,  see  c.  ,..  Schmidt 
Atkins  (1932)  and  the  book  by  Dorsey  (1940)-  ^hehord  (1,  '  h 
consin,  according  to  Manning,  Juday  and  Holt  (1938). 


NATURAL  LIGHT  FIELDS 


735 


Similar  sets  of  curves,  showing  a  less  rapid  decline  in  intensity  at  the 
red  end  of  the  spectrum,  were  given  by  Johnson  and  Kullenberg  (1946)  and 
Levring  (1947)  for  sea  water  at  the  West  Coast  of  Sweden.  Levring  at¬ 
tributed  the  absorption  in  violet  and  blue — which  often  converts  the  blue- 
green  color  of  pure  water  into  a  yellow-green— to  the  presence  of  suspended 
particles.  Some  additional  data  can  be  found  in  Table  22. X. 

Algae  are  found  to  a  depth  of  120  m.  These  deep  water  species  live  in  a 
light  field  that  contains  almost  exclusively  green  radiation  (practically  no 
red  light  is  available  below  10-20  m.).  The  total  intensity  of  light  avail¬ 
able  to  them  is  only  a  few  per  cent  of  the  light  enjoyed  by  the  species  living 
close  to  the  surface  of  the  sea. 


Fig.  22.56.  Light  absorption  by  algae  in  different  depths  (in  meters)  in  per 
cent  of  light  incident  on  the  surface  (after  Seybold  1934). 


We  have  discussed  in  chapter  15  (Vol.  I)  the  ways  in  which  plants  adapt 
themselves  to  the  chromatic  composition  of  the  light  fields.  There  is  no 
doubt  that  the  brown  algae,  containing  fucoxanthol,  are  capable  of  absorb¬ 
ing  more  light  in  the  middle  of  the  visible  spectrum  than  the  green  plants 
and  that  t  he  presence  of  phycobilins  in  the  Rhodophyceae  and  Cyanophyceac 
increases  their  absorbing  capacity  in  this  spectral  region  even  more  strongly. 

?nrb  h22'nIH  rh°'Ved  "’hat  theS®  chan*es  in  the  pigment  system  mean 

Hm(e  e  ab,rP*  M  CT  ty  0f  the  plants  in  different  sPectral  regions. 

con  tanT’th  7  .  Terred  t0  ilK™inatio"  with  light  whose  intensity  is 
constant  throughout  the  spectrum.  The  consequences  of  the  same  changes 

fort  JabrP1T  °f  natT‘  ',Sht  "'CTe  discussed  b-v  Seybold  (1934),  Mont- 

^ed  msuir  WeVnng,(  and  We  mUSt  refer  t0  th-  papers  for  de¬ 
bold  Rhnd  i,  '“erel'  mendon,  as  an  example,  that,  according  to  Sev- 
bold,  Rhodophycea  will  absorb  up  to  95%  of  the  light  available  in  a  50  m. 
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depth,  where  a  Chlorophycea  will  be  able  to  absorb  only  30-40%  (c/.  fig 
22.56).  . 


1856 

1861 

1880 

1883 

1885 

1886 
1888 
1901 
1905 

1908 

1909 

1911 

1912 
1914 

1917 

1918 


1919 

1921 

1922 

1924 

1925 

1927 

1929 

1932 

1933 


1934 

1935 


Bibliography  to  Chapter  22 
Light  Absorption  by  Pigments  in  the  Living  Cells 


A.  Light  Absorption  by  Plants 


Bohm,  J.  A.,  Sitzber.  Akad.  tbiss.  Wien,  Math,  naturw.  Klasse,  22,  479. 
Sachs,  J.,  ibid.,  43,  265. 

Stahl,  E.,  Botan.  Z.,  38,  297,  321,  345,  361,  377,  393,  409,  868. 

Reinke,  J.,  Ber.  deut.  botan.  Ges.,  1,  395. 

Timiriazev,  C.,  Compt.  rend.,  100,  851. 

Reinke,  J.,  ibid.,  44,  161,  177,  193,  209,  225,  241. 

Detlefson,  E.,  Arbeit,  des  botanischen  Instituts,  Wurzburg,  3,  534. 
Linsbauer,  L.,  Botan.  Zentr.,  Beihefte,  10,  53. 

Brown,  H.,  and  Escombe,  F.,  Proc.  Roy.  Soc.  London,  B76,  29. 

Senn,  G.,  Die  Gestalts-  und  Lagever under ungen  der  Chromatophore,  Engel- 


mann,  Leipzig,  1908. 

Senn,  G.,  Ber.  deut.  botan.  Ges.,  27, (  12.) 

Stahl,  E.,  Zur  Biologie  des  Chlorophylls.  Fischer,  Jena,  1909. 

Weigert,  F.,  Die  chemischen  Wirkungen  des  Lichts.  Enke,  Stuttgart,  1911. 
Coblentz,  W.  W.,  Bull.  U.  S.  Bureau  Stand.,  9,  283. 

Purevich,  K.  (Purjevvitsch),  Jahrb.  wiss.  Botan.,  53,  210. 

Senn,  G.,  Verhandl.  naturforsch.  Ges.  Basel,  28,  104. 

Willstatter,  R.,  and  Stoll,  A.,  Untersuchungen  uber  die  Assimilation  der 
Kohlensaure.  Springer,  Berlin,  1918,  p.  122  ff. 

Ursprung,  A.,  Ber.  deut.  botan.  Ges.,  36,  122. 

Senn,  G.,  Z.  Botan.,  11,  81. 

Wurmser,  R.,  Arch,  plugs,  biol.,  1,  33. 

Liese,  W.,  Beitr.  allgem.  Botan.,  2,  323. 

Lazarev,  P.  P.,  J-  Applied  Phys.  USSR,  1,  142. 

Benecke,  W.,  and  Jost,  L.,  Pflanzenphysiologie,  Vol.  1,  Jena,  1924. 
Pokrovski,  G.  I.,  Biochem.  Z.,  165,  420. 

Warburg,  O.,  ibid.,  166,  386. 

Lazarev,  P.  P.,  ibid.,  182,  131. 

Shull,  C.  A.,  Botan.  Gaz.,  87,  583. 

Briggs,  G.  E.,  Proc.  Roy.  Soc.  London,  B105,  1. 

Seybold,  A.,  Planta,  16,  195. 

Seybold,  A.,  ibid.,  18,  479. 

Schanderl,  H.,  and  Kaempfert,  W.,  ibid.,  18,  700. 


Seybold,  A.,  ibid.,  20,  577. 
Voerkel,  S.  H.,  ibid.,  21,  156. 


rbold,  A.,  ibid.,  21,  251. 

rbold,  A.,  Jahrb.  wiss.  Botan.,  79,  593.  Q1 

stre,  H.,  Cold  Spring  Harbor  Symposia  Quant.  Biol.,  3,  Ji. 


BIBLIOGRAPHY  TO  CHAPTER  22 


737 


1937 

1939 

1941 

1942 

1943 

1946 

1947 

1948 

1949 


1870 

1871 

1872 
1884 
1886 
1887 
1904 

1907 

1913 

1918 


1921 

1925 

1926 

1927 
1929 

1932 

1933 

1934 

1936 

1937 


Mecke,  R.,  and  Baldwin,  W.  C.  G.,  Naturwissenschaften,  25,  305. 

Egle,  K.,  Planta,  26,  546. 

Noddack,  W.,  and  Eichhoff,  H.  J.,  Z.  physik.  Chem.,  A 185,  241. 

Meyer,  K.  P.,  Helv.  Phys.  Acta,  12,  349. 

Loomis,  W.,  Carr,  and  Randall,  H.  M.,  Gibson  Island  A.  A.  A.  S.  Sym¬ 
posium  on  Photosynthesis  (unpublished). 

Burns,  G.  R.,  Am.  J.  Botany ,  29,  381. 

Seybold,  A.,  and  Weissweiler,  A.,  Botan.  Archiv,  43,  252. 

Seybold,  A.,  and  Weissweiler,  A.,  Botan.  Arch.,  44,  102,456. 

Rabideau,  G.  S.,  French,  C.  S.,  and  Holt,  A.  S.,  Am.  J.  Botany,  33,  769. 
Loomis,  W.,  A.A.A.S.  Symposium  on  Photosynthesis,  Chicago  (unpub¬ 
lished). 

Kok,  B.,  Enzymologia,  13,  1. 

Loomis,  W.,  Photosynthesis  in  Plants,  Iowa  State  College  Press,  Ames, 
1949,  p.  5. 

B.  Spectral  Properties  of  Plants 


Hagenbach,  A.,  Ann.  Phys.  (Poggendorf),  141,  245. 
Gerland,  E.,  ibid.,  143,  585. 

Timiriazev,  C.,  Ber.  deut.  chem.  Ges.,  5,  329. 
Engelmann,  T.  W.,  Botan.  Z.,  42,  81,  97. 

Reinke,  J.,  ibid.,  44,  161,  177,  193,  209,  225,  241. 
Engelmann,  T.  W.,  ibid.,  45,  393,  409,  425,  441,  457. 
Gaidukov,  N.,  Ber.  deut.  botan.  Ges.,  22,  23. 
Gaidukov,  N.,  Hedwigia,  43,  96. 


Ivanovski,  D.  (Iwanowski),  Ber.  deut.  botan.  Ges.,  25,  416. 

Ivanovski,  D.  (Iwanowski),  Biochem.  Z.,  48,  328. 

Ursprung,  A.,  Ber.  deut.  botan.  Ges.,  36,  86,  111. 

W  illstatter,  R.,  and  Stoll  A.,  Untersuchungen  iXber  die  Assimilation  der 
Kohlensaure.  Springer,  Berlin,  1918. 

Wurmser,  R.,  Arch.  phys.  biol.,  1,  33. 

Pokrovski,  G.  I.,  Biochem.  Z.,  165,  420. 

Baas-Becking,  L.  G.  M„  and  Ross,  P.  A.,  /.  Gen.  Physiol,  9,  111 
Wurmser,  R.,  J.  phys.  Radium,  7,  33. 

Lubimenko,  V.  N.,  Rev.  gen.  botan.,  39,  547. 

Shull,  C.  A.,  Botan.  Gaz.,  87,  583. 

Seybold,  A.,  Planta,  16,  195. 

Seybold,  A.,  ibid.,  18,  479. 

Schanderl,  H.,  and  Kaempfert,  W.,  ibid.,  18,  700 
Seybold,  A.,  Planta,  21,  251. 

Seybold,  A.,  Jahrb.  iviss.  Botan.,  79,  593. 

Spohn,  U.,  Planta,  23,  241, 

Seybold,  A.,  Jahrb.  vriss.  Botan.,  82,  741. 

Albers,  V.  M.,  and  Knorr,  H.  V.,  Plant  Physiol  12  833 
ermeulen,  D„  Wassink,  E.  C„  and  Reman,  Q.  H.’,  Enzymologia.  4,  254. 


LIGHT  ABSORPTION  BY  PIGMENTS  IN  VIVO 


CIIAP.  22 


738 


1938 

1939 


1940 


1941 


1942 


1943 

1946 

1947 

1948 

1949 
1951 


1923 

1936 

1938 

1939 

1940 

1941 


Egle,  K.,  Planta,  26,  546. 

French,  C.  S.,  J.  Gen.  Physiol.,  21,  71. 

Mecke,  R.,  and  Baldwin,  W.  C.  G.,  N aturwissenschaften ,  25,  305. 

Strain,  H.  H.,  Leaf  Xanthophylls,  Carnegie  Inst.  Wash.  Pub.  No.  490. 
Katz,  E.,  and  Wassink,  E.  C.,  Enzymologia,  7,  108. 

Wassink,  E.  C.,  Katz,  E.,  and  Dorrestein,  R.,  ibid.,  7,  113. 

Noddack,  W.,  and  Eichhoff,  H.  J.,  Z.  physik.  Chem.,  A185,  241. 

Meyer,  K.  P.,  Helv.  Phys.  Acta,  12,  349. 

French,  C.  S.,  J.  Gen.  Physiol.,  23,  483. 

Menke,  W.,  N aturwissenschaften,  28,  31. 

Seybold,  A.,  and  Egle,  K.,  Botan.  Arch.,  41,  578. 

Smith,  E.  L.,  J .  Gen.  Physiol.,  24,  565. 

Zscheile,  F.  P.,  and  Comar,  C.  L.,  Botan.  Gaz.,  102,  463. 

Emerson,  R.,  and  Lewis,  C.  M.,  Gibson  Island  A.  A.  A.  S.  Symposium 
on  Photosynthesis  (unpublished). 

Dutton,  H.  J.,  and  Manning,  W.  M.,  Am.  J.  Botany,  28,  516. 

Loomis,  W.,  Carr,  and  Randall,  H.  M.,  Gibson.  Island  A.  A.  A.  S.  Sym¬ 
posium  on  Photosynthesis  (unpublished). 

Wurmser,  R.,  Rev.  brasil.  biol.,  1,  325. 

Emerson,  R.,  and  Lewis,  C.  M.,  J .  Gen  Physiol.,  25,  579. 

Duntley,  S.  C.,  J.  Optical  Soc.  Am.,  32,  61. 

Saunderson,  J.  I..,  J.  Opt.  Soc.  Am.,  32,  727. 

Seybold,  A.,  and  Weissweiler,  A.,  Botan.  Arch.,  43,  252. 

Seybold,  A.,  and  Weissweiler,  A.,  ibid.,  44,  102. 

Seybold,  A.,  and  Weissweiler,  A.,  ibid.,  44,  456. 

Duntley,  S.  C.,  J.  Opt.  Soc.  Am.,  33,  252. 

Rabideau,  G.  S.,  French,  C.  S.,  and  Holt,  A.  S.,  ibid.,  33,  769. 

Wassink,  E.  C.,  and  Kersten,  J.  A.  H.,  Enzymologia,  12,  3. 

Iljina,  A.  A.,  Zhurnal  fys.  Khimii,  21,  145. 

Van  Norman,  R.  W.,  French,  C.  S..  and  Macdowall,  F.  D.  H.,  Plant 
Physiol.,  23,  455. 

Loomis.  W.,  Photosynthesis  in  Plants,  Iowa  State  College  Press.  Ames, 
1949,  p.  5. 

Tanada,  T.,  Am.  J.  Botany,  38,  276. 

French,  C.  S.,  and  Koski,  V.  M.,  Proc.  Soc.  Exptl.  Biol,  (in  press). 

C.  Distribution  of  Absorbed  Energy  among  Pigments 


Marburg,  O.,  and  Negelein,  E.,  Z.  physik.  C hern .,  106,  191. 
eybold,  A.,  Jarhb.  wiss.  Botan.,  82,  741. 

train,  H.  H„  Leaf  Xanthophylls.  Carnegie  Inst  «^h.  PubL  No.  490. 
loddack,  W.,  and  Eichhoff,  H.  J.,  Z.  physik.  Chsm.,  A185,  241. 

/Tontfort,  C.,  ibid.,  A186,  5< . 

>utton,  H.  .1.,  and  Manning,  W.  M.  Am  J  Botany,: 28,  516. 
hnerson,  R„  and  Lewis,  C.  M.,  Gibson  Island  A.  A.  A.  S.  Symposium 
on  Photosynthesis  (unpublished). 


BIBLIOGRAPHY  TO  CHAPTER  22 


739 


1942  Strain,  H.  H.,  and  Manning,  W.  M.,  J.  Biol.  Chem.,  144,  625. 

Emerson,  R.,  and  Lewis,  C.  M.,  J.  Gen.  Physiol.,  25,  579. 

1943  Emerson,  R.,  and  Lewis,  C.  M.,  Am.  J.  Botany,  30,  165. 

Manning,  W.  M.,  and  Strain,  H.  H.  J .  Biol.  Chem.,  151,  1. 

1951  Tanada,  T.,  Am.  J.  Botany,  38,  276. 

Appendix.  Natural  Light  Fields 

1895  Aschkinass,  E.,  Ann.  Plugs.  ( Poggendorf ),  55,  401. 

1907  Wiesner,  J.,  Der  Lichtgenuss  der  Pflanzen.  Engelmann,  Leipzig. 

1908  Schmidt,  W.,  Sitzber.  Akad.  W iss.  Wien  Math,  naturw.  Klasse,  Abt.,  lid, 

117,  237. 

1918  Ursprung,  A.,  Ber.  deut.  botan.  Ges.,  36,  111. 

1922  Knudsen,  M.,  Conseil  permanent  intern,  exploration  mer,  Publ.  No.  76. 

1928  Hulburt,  E.  0.,  J.  Opt.  Soc.  Am.,  17,  15. 

1929  Shelford,  V.  E.,  in  E.  Abderhalden,  Handbuch  der  biologisehen  Arbeits- 

methoden,  Part  2,  9,  p.  1495. 

1930  Beebe,  W.,  and  Hollister,  G.,  Bull.  N.  Y.  Zool.  Soc.,  33,  249. 

1931  Sawyer,  W.  R.,  Contrib.  Canad.  Biol.  Fisher.,  7,  75. 

1932  Hulburt,  E.  O.,  J.  Optical  Soc.  Am.,  22,  408. 

Atkins,  W.  R.  G.,  J.  conseil  permanent  intern,  exploration  mer ,  7,  171. 
1934  Seybold,  A.,  Jahrb.  wiss.  Botan.,  79,  593. 

Montfort,  C.,  ibid,  79,  493. 

1936  Seybold,  A.,  ibid.,  82,  741. 

1937  Egle,  K.,  Planta,  26,  546. 

1938  Manning,  W.  M.,  Juday,  C.,  and  Wolf,  M.,  J.  Am.  Chem.  Soc.,  60,  274 

1940  Dorsey,  N.  E,  Properties  of  Ordinary  Water  Substance.  Reinhold  New 

York,  1940. 

1941  Taylor,  A.  H,  and  Kerr,  G.  A.,  J.  Optical  Soc.  Am.,  31,  3. 

1946  Johnson,  N.  G.,  and  Kullenberg,  B.,  Svensk.  hydr.-biol.  Komm.  Skr  III 
1,  No.  1. 

Levring,  T .,  Goteborgs  Kungl.  Vetenskaps.  Vitterhets  Samh.  Handl.  (VI IB), 
^  o.  6. 


1947 


Chapter  23 


FLUORESCENCE  OF  PIGMENTS  IN  VITRO 


Fluorescence  phenomena  have  two  aspects.  In  the  first  place,  the  fluor¬ 
escence  spectrum  offers  a  welcome  addition  to  the  absorption  spectrum  in 
the  study  of  the  term  system  and  molecular  structure  of  a  chemical  com¬ 
pound.  In  the  second  place,  the  yield  and  duration  of  fluorescence  gives 
significant  information  as  to  the  fate  of  the  excitation  energy  and  thus 
provide  clues  to  the  mechanism  of  photochemical  reactions  of  the  light- 
absorbing  compound.  In  the  case  of  chlorophyll,  we  are  particularly  in¬ 
terested  in  the  second,  photochemical  aspect  of  the  fluorescence  phenomena. 

Because  of  the  division  of  this  treatise  into  a  chemical  and  a  physical 
part,  the  photochemistry  of  chlorophyll  already  was  dealt  with  in  the  first 
volume  (chapters  18  and  19),  while  fluorescence  could  first  be  discussed 
in  the  present,  second  volume.  Certain  conclusions  derived  from  fluores¬ 
cence  studies  had  to  be  anticipated  in  Volume  I ;  some  of  them  will  have 
to  be  repeated  and  amplified  here. 

Some  new  facts  and  considerations  have  been  added  to  this  field  since 
the  appearance  of  Volume  I;  their  fluorescence  aspects  aie  discussed  in 
the  present  chapter,  and  their  photochemical  aspects  in  chapter  35. 


A.  Fluorescence  of  Chlorophyll  in  Vitro * 

1.  Fluorescence  Spectra  of  Chlorophyll  and  Its  Derivatives  in  Solution 

The  fluorescence  of  chlorophyll  was  discovered  by  Brewster  more  than 
a  hundred  years  ago  (1834).  It  was  first  studied  spectroscopically  by 
Stokes  in  1852,  and  a  by-product  of  this  study  was  the  discovery  that  the 
leaf  pigment  consists  of  two  green  and  two  yellow  components.  Dh5r5 
(1914)  and  Wilschke  (1914)  contributed  the  first  photographs  o  the 
fluorescence  spectrum.  However,  because  the  fluorescence  bands  o 
chlorophyll  are  situated  in  the  far  red  and  infrared,  and  the  sensitivity  of 
red-  and  infrared-sensitized  plates  varies  strongly  with  wave  length,  the 
photographic  method  is  not  very  suitable  for  the  quantitative  study  of 
chlorophyll  fluorescence. 

*  Bibliography,  page  801. 
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Figure  23.1  A  shows  the  appearance  of  the  fluorescence  spectrum  of 
chlorophyll  on  a  panchromatic  plate,  and  figure  23. IB,  on  an  infrared- 
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Fig.  23.1  A. 


Fluorescence  spectra  of  chlorophyll  (a  at  top  and  a  +  b  below)  in  ether  on 
panchromatic  plates  (after  Dh6r<§  and  Fontaine,  1931). 


sensitive  plate.  Fig.  23.2  shows  spectrophotometric  curves  of  the  fluores 
-ence  of  chlorophylls  c  and  *  in  ether,  determined  by  ZsoMe  and  E 
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(1943)  by  means  of  a  photoelectric  spectrophotometer.  The  maximum  of 
the  first  emission  band  lies,  in  this  figure,  at  664.5  mM  for  chlorophyll  a  and 
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Fig  23  IB  Fluorescence  spectra,  of  chlorophyll  and  some  related  compounds 
on  infrared-sensitive  plates  (after  Dh6r6  and  Raffy  1935).  Top:  (2)  Chlorophyll 
a  in  ether  (excited  by  X365  mM);  (4)  and  (7)  chlorophyll  a  in  CS2  (excited  by  car¬ 
bon  arc);  (5)  and  (8)  chlorophyll  b  in  CS2  (excited  by  carbon  arc).  Bottom:  (2) 
etioporphyrin  in  pyridine;  (3)  phylloerythrin  in  pyridine;  (-D  pheoplH'rb.de  a  in 
ether;  (5)  pheophorbide  6  in  ether;  (6)  chlorophyll  a  in  ether;  (7)  chlorophyll  b  in 

ether. 

048.5  for  chlorophyll  6-only  very  slightly  on  the  long-ivave  side  of 
the  maxima  of  the  corresponding  absorption  bands  ( cf .  1  able  li.  1C). 
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first  fluorescence  band  is  followed  by  a  second  one,  of  lower  intensity,  situ¬ 
ated  in  the  far  red,  which  is  visible  in  figure  23. IB  as  well  as  m  figure  23.2; 
and  by  a  third,  weak  one,  situated  in  the  near  infrared,  which  is  not  re¬ 
corded  in  these  figures. 

In  an  earlier  investigation  of  Zscheile  (1935),  an  additional  band  was  observed  in  the 
fluorescence  spectrum  of  chlorophyll  b  at  672.8  mu',  but  I)her6  and  Biermacher  (1936) 
and  Biermacher  (1936)  ascribed  it  to  contamination  with  chlorophyll  a,  and  this  ex¬ 
planation  was  accepted  by  Zscheile  and  Harris  (1943). 

According  to  Biermacher  (1936),  the  fluorescence  spectrum  provides  the  most  sensi¬ 
tive  test  for  the  purity  of  chlorophyll  b.  A  purification  method  based  on  this  test  was 
described  in  chapter  21. 


Fig-  23.2.  Fluorescence  spectra  of  chlorophylls  a  and  b  in  ether.  Photo¬ 
metric  curves  corrected  for  self-absorption  (after  Zscheile  and  Harris  1943). 


Table  23. 1 A  shows  t  he  posit  ions  of  the  main  fluorescence  bands  of  the 

in  ethyl  ether>  as  found  by  several  investigators,  and 
lable  23. IB,  the  positions  of  the  same  bands  in  various  solvents. 

A  spectrophotometric  curve  of  the  fluorescence  of  a  benzine  extract 
rom  Brassica  (containing  both  chlorophyll  components)  can  be  found  in 
a  paper  by  Vermeulen,  Wassink  and  Reman  (1937). 

bv  f  '1’  1°T  ValUCS  represent  band  W,  as  determined 

™  “‘"C  photometry,  and  others  band  axes,  X,  i.  the  arithmetic 
mean,  of  the  extension  limits  of  the  bands  on  spectrum  photographs 

nhoTo  ‘T  diePend  Str°ngly  0n  the  Spectral  sens>tivity  curves  of  the 
Photographic  plates  used,  and  on  the  length  of  the  exposure.  Biermacher 

Eg d  '  T'  ,hat’  aS  ,0"‘  “  °nly  the  Peakn  of  the  lands  am 
g  p  ed,  e.  g.,  by  using  suitably  short  exposures,  the  axes  coincide 
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Table  23.1 

I1  LUORESCENCE  BANDS  OF  THE  CHLOROPHYLLS  a  AND  b 


A.  BAND  POSITION  IN  ETHYL  ETHER 


Component 

Band 

Maxima  (Xmax),  mM 

Axis  (X),  mu 

Knorr, 

Albers 

(1933,  1935) a 

Baas- 

Becking, 

Koning 

(1934)° 

Zscheile 

(1935)6 

Zscheile 

Harris 

(1943)6 

Dh6r6, 

Raffy 

(1935)° 

Bier- 

macher 

(1936)6 

a . 

I 

(633c),  672 

675 

668.5 

664.5 

665 

663 

II 

— 

— 

723 

720 

736 

III 

— 

— 

— 

— 

801 

— 

b . 

I 

(6370,  657 

— 

648.5 

648.5 

646 

647 

II 

— 

— 

705 

708 

713 

— 

III 

— 

— 

— 

— 

789 

— 

B.  BAND  POSITIONS  IN  DIFFERENT  SOLVENTS 


Chlorophyll  a  Chlorophyll  b 

Axis  X_„,,  Axis, 

_  max. ,  _  * 

max. ,  m#1  (X),  m n  mu  (X),  m u 

Baas-  Bier-  Bier- 

Becking,  Knorr  Zscheile,  macher  Knorr,  macher 

Koning  Albers  Harris  (1936)  Albers  (1936) 

Solvent  nD  (1934)  (1933)  (1943)  (1933) 


Hydrocarbons 

Pentane .  1.357 

Hexane .  1.375 

Cyclohexane .  1.431 

Benzene .  1.501 

Paraffin  (liq.) - 

Vaseline  (white). 

Ethers 

Ethyl  ether .  1 . 353 

Isopropyl  ether . .  1.37 

Dioxane .  1.42 

Alcohols 

Methanol .  1 . 320 

Ethanol .  1.362 

2-Methyl- 1-pro¬ 
panol  .  1.39 

1-Butanol .  1  •  402 


2-Ethyl-l-hexanol  1.43 
Cyclohexanol ....  1 . 466 

H alogenides  and 
Sulfides 
Carbon  tetra¬ 


chloride  .  1 • 466 

Chloroform .  1 . 446 

Carbon  disulfide .  1 . 630 

Methylene  iodide  1.756 

Tetralin . 

M  iscellaneous 

Acetone .  1  •  359 

Methyl  oleate ...  1.46 

Pyridine .  1  •  509 

Olive  oil .  1-48 

Aniline .  1.586 

Lecithin .  — 


665.5 

675  677  673 

678 


675  672  664.5 

—  —  670 

668 

666  675  674 

675 

—  —  674 

_  _  673.5 

_  _  676.5 


671.5 

680 

681 

682 

688.5' 

668  672  670 

—  670 

672 

675 

677e 


663  —  644.5 

663  —  644.5 

666.5  657  650 

668.5  —  645.5 

672.5  —  647.5 

663.5  657  647 

666  —  699.5 

667  657 

666  —  654.5 


069  —  653 


668  —  648 

670  —  650 

676  —  656 

d  —  d 


665  657  653 

074  —  658 . 5 

676  —  662 


Table  continued 
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Table  23.1  ( Continued ) 


c. 

BAND  SHIFTS  IN 

DIFFERENT  SOLVENTS® 

Zscheile  and  Harris  (1943) 

Chi.  a, 

Solvent  ^Xmax 

Biermacher  (1936) 

Solvent 

Chi.  a 

Chi.  b 

AX, 

m/x 

Methanol . 

10 

Pentane . 

.  4.5 

4.5 

2-Ethylhexanol 

10 

Hexane . 

4.5 

4.5 

2-Methylpropanol .  . 

9.5 

Pyridine . 

3.5 

Benzene . 

....  9 

Carbon  tetrachloride . .  .  . 

4 

3 

Isopropyl  ether . 

9 

Methanol . 

3.5 

— 

Acetone . 

...  8.5 

Aniline . 

3 

5 

1-Butanol . 

8.5 

Benzene . 

.  .  2.5 

4.5 

Methyl  oleate . 

8 

Dioxane . 

.  .  2.5 

5 

Carbon  tetrachloride . . 

8 

Ethanol . 

.  .  2.5 

6.5 

Olive  oil . 

7.5 

Cyclohexanol . 

.  .  2 

4 

Dioxane . 

.  .  .  .  7 

Chloroform . 

.  .  2 

2.5 

Cyclohexane . 

5.5 

Carbon  disulfide . 

.  .  2 

6 

Ethyl  ether . 

.  ...  4.5 

Acetone . 

1.5 

8.5 

Ethyl  ether . 

0.5 

5 

Paraffin  (liq.) . 

0 

0.5 

“  Photographic. 

6  Photoelectric  photometer. 

c  Concerning  subsidiary  maxima,  see  page  748. 

d  Biermacher  (1936)  found  no  fluorescence  at  all  in  methylene  iodide  (as  well  as  in 
nitrobenzene). 

e  This  figure  is  quoted  by  Seybold  and  Egle  (1940)  from  Stern. 

7  After  Stewart,  Knorr  and  Albers  (1942). 

0  AX  =  X(fluorescence)  —  X(absorption). 


with  the  true  band  maxima.  He  therefore  denied  that  the  difference  be¬ 
tween  the  X  values  measured  by  him  and  the  Amax.  values  found  by  earlier 
investigators  could  have  been  due  to  the  decline  in  the  sensitivity  of  his 
photographic  plates  in  the  far  red;  he  suggested  instead  that  this  differ¬ 
ence  was  caused  by  the  failure  of  other  observers  to  avoid  “self-absorption,” 
i.  e.,  reabsorption  of  fluorescent  light  before  its  escape  from  the  chlorophyll 
solution.  (Because  of  the  position  of  the  fluorescence  band  of  chlorophyll 
close  on  the  red  side  of  the  absorption  peak,  self-absorption  must  cause  an 
appaient  shift  of  the  fluorescence  band  maximum  toward  longer  waves.) 

HnrHWmS?8  °l  thlS  Tterpretation  was  acknowledged  by  Zscheile  and 
„  (1943)>  ";ho  made  a  spectrophotometric  redetermination  of  the 

a  JulT6  t ’  Vary“g1  “,e  chlOT°Phy»  concentration  systematically, 

ot;tT7  efeCt  iS  il,1UStrated  by  figure  23-3-  14  showstow  C  a 

band  and'h  w  reSCenCe  ^  OVerlaPPed  by  ‘he  (shaded)  absorption 

maxlmun  i  he  fl  C°nSeqUeT  0  this  overlapping,  the  position  of  the 
maximum  of  the  fluorescence  band  can  be  disolaced  hv  GOif  +  - 

by  as  much  as  12  npu.  The  position  of  thn  in  ’  -elf-absorption, 
(  ,  ,  ,  M  me  po.Mtion  °t  the  second  fluorescence  band  (at  720 

m/x)  is  found  to  be  practically  unaffected  by  reabsorntion  •  thi  ,  *  , 
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Table  23. IC  compares  the  most  reliable  figures  in  Table  23. IB— those  of 
Biermacher,  and  Zscheile  and  Harris — with  the  wave  lengths  of  the  ab¬ 
sorption  bands  as  listed  in  Table  21. IV.  This  comparison  shows  that  the 
fluorescence  maximum  remains  on  the  long-wave  side  of  the  absorption 
maximum  in  all  solvents,  but  that  the  distance  between  the  two  maxima 
sometimes  falls  to  as  little  as  1  mp. 


Fig.  23.3.  Effect  of  self-absorption  on  fluorescence  spectrum  of  chlorophyll  a  in 

ether  (after  Zscheile  and  Harris  1943). 


It  is  difficult  to  say  whether  any  of  the  variations  in  the  shift,  AX,  indi¬ 
cated  by  Table  23. 1 C,  are  significant;  in  particular,  whether  the  conspicu¬ 
ous  difference  in  the  order  of  solvents  found  for  the  two  chlorophylls,  a  and 
b,  is  real. 


Seybold  and  Egle  (1940)  suggested  that  AX  is  abnormally  large  (—15  him)  in  chloro¬ 
phyll  solutions  in  lipides  such  as  lecithin.  (This  assumption  was  necessary  for  their 
“two-phase  theory”  of  the  state  of  chlorophyll  in  vivo ;  cf.  Vol.  I,  page  393).  1  his  sug¬ 

gestion  is  not  plausible  in  itself,  and  therefore  cannot  be  accepted  without  confirmation 

by  reliable  measurements. 


As  to  the  reason  for  the  “red  shift”  of  the  fluorescence  bands  compared 
with  the  absorption  bands,  the  explanation  must  lie  in  the  loss  ot  vibra¬ 
tional  quanta  in  the  interval  between  excitation  and  re-emission,  or  alter 
re-emission.  Quite  generally,  the  molecule  has  a  somewhat  different  nu¬ 
clear  configuration  in  the  excited  and  in  the  normal  state.  Therefore,  ac¬ 
cording  to  the  so-called  Franck-Condon  principle,  electronic  excitation  is 
accompanied  by  the  excitation  of  a  certain  amount  of  vibrations.  A  aige 
part  if  not  all  these  vibrat  ional  quanta  are  dissipated  before  re-emission  o 
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light.  After  the  emission,  the  molecule  finds  itself  for  a  second  time  in  a 
deformed  state,  and,  for  a  second  time  in  the  fluorescence  cycle,  some 
energy  is  converted  to  vibrational  energy.  The  magnitude  of  AX  indicates 
that  the  vibrational  quanta  concerned  must  be  of  the  order  of  100  cm.-1, 
much  smaller  than  the  quanta  (1000-1400  cm.-1)  postulated  on  page  630  to 
account  for  the  sequence  of  the  visible  absorption  bands  of  chlorophyll. 

Another  explanation  of  the  red  shift  could  be  derived  from  the  hy¬ 
pothesis  (c/.  page  631)  that  the  main  red  absorption  band,  Ar0  — »  T0  ( cf .  fig. 
21.20),  conceals  a  weak  band,  X0  — >  A0,  which  belongs  to  the  yellow-orange 
band  system.  If  this  is  true,  and  if  the  red  fluorescence  band  is  the  pure 
Y o  — >  X0  band,  the  somewhat  different  position  of  its  maximum  is  under¬ 
standable.  This  explanation  is  less  likely  because  the  displacement  of  the 
fluorescence  band  toward  the  red  is  a  general  phenomenon,  while  the  over¬ 
lapping  of  the  bands  Ar0  — >  To  and  A0  — >  A0,  if  it  exists  at  all,  can  be  only  an 
accidental  occurrence. 

The  influence  of  the  solvent  on  the  position  of  the  fluorescence  band  must 
be  attributed  to  the  same  cause  as  its  influence  on  the  absorption  spectrum, 
i.  e.,  to  the  difference  in  the  solvation  energy  of  the  pigment  in  the  ground 
state  and  in  the  excited  state.  Table  23. IC  shows  that  within  a  homolo¬ 


gous  group  of  solvents  an  approximate  parallelism  exists  between  the  posi¬ 
tion  of  the  fluorescence  band  and  the  refractive  index  of  the  medium.  This 
regularity  already  was  noted  and  discussed  in  chapter  21,  when  we  dealt 
with  the  absorption  spectra  of  chlorophyll  in  different  media. 

A  new  light  on  the  effect  of  solvents  on  the  fluorescence  of  chlorophyll 
was  thrown  by  the  observations  of  Livingston,  Watson  and  McArdle 
(1949),  which  will  be  described  further  below.  These  experiments  indicate 
that  the  solvent  effect  is  twofold:  In  the  first  place,  the  presence  of  at 
least  a  small  amount  of  solvent  molecules  of  a  certain  type  (water,  alcohols, 
amines)  appears  to  be  needed  to  bring  out  the  fluorescence  (presumably 
)V  converting  chlorophyll  from  a  nonfluorescent  into  a  fluorescent  tauto¬ 
meric  form).  After  the  fluorescence  had  been  “activated”  in  this  way  its 
spectrum  and  intensity  are  independent  of  the  specific  nature  of  the  ‘‘ac¬ 
tivator,  and  determined  only  by  the  nature  of  the  bulk  solvent.  In  other 
words  whether  the  fluorescence  of  chlorophyll  a  in  benzene  is  “activated” 

Jtpff  t  lanM  °r  Plpendine’  or  water>  its  spectrum  and  intensity  are  char- 

“act  valor"  u7Tt  7  °f  C°UrSe’  "he"  lal'Ser  pities  of  the 

activate  aie  added,  the  spectrum  must  sooner  or  later  approach  that 

characteristic  of  the  chlorophyll  solution  in  the  pure  activator  but  thot! 
transitions  have  not  yet  been  studied.  activator,  but  these 

has  ared  fluolc^e  banTlfs"8’  “  7'  *'  77°^  e  Woro/ucin)  also 

Fontaine  1931)  aml  at  il  l-,  ’  •'  “7  7  f  6'i1,5  111  ether  and 

y  dlKl  at  in  ethanol  (Wilschke  1914). 
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Chlorophyll  d,  too,  was  described  by  Manning  and  Strain  (1943)  as 
exhibiting  a  deep  led  fluorescence.  Its  spectrum  shows  a  first  maximum  at 
b93  mp  (in  ethereal  solution)  and  indications  of  a  diffuse  second  maximum 
at  750  mp. 

No  quantitative  data  appears  to  be  available  on  the  fluorescence  spec¬ 
trum  of  allomerized  chlorophylls. 

Protochlorophyll  has  a  fluorescence  band  at  626.5  mp,  in  ether  (Dh6r6 
1930).  The  fluorescence  bands  of  pheophytin  a  lie  at  676  and  730.5  m p 
in  ether  (Dhere  and  Raffy  1935)  and  at  677.5,  717,  750.5  and  804  m p  in 
dioxane  (Stern  and  Wenderlein  1936). 

A  photometric  curve  of  the  fluorescence  spectrum  of  bacteriochlorophyll 
in  solution  was  obtained  by  Vermeulen,  Wassink  and  Reman  (1937).  It 
showed  two  bands,  a  weaker  one  at  695  m p,  and  a  stronger  one  at  810  m p 
(fig.  23.4).  The  relationship  of  these  two  bands  is  not  clear  ( cf .  p.  751). 

The  fluorescence  of  these  and  many  other  porphin  derivatives  was  re¬ 
viewed  by  Dhere  (1937,  1939). 


Fig.  23.4.  Fluorescence  spectrum  of  bacteriochlorophyll  in  solution 
(after  Vermeulen,  Wassink  and  Reman  1937). 


No  counterpart  of  the  strong  blue-violet,  absorption  band  appears  in  chloro¬ 
phyll  fluorescence,  even  if  white,  violet  or  ultraviolet  light  is  used  toi  excita¬ 
tion  (cf.  Dh6re  and  Raffy  1935,  Prins  1934,  and  Vermeulen,  Wassink  and 
Reman  1937).  The  same  is  true  of  the  weaker  absorption  bands  in  the  mid¬ 
dle  of  the  visible  spectrum.  True,  Prins  (1934)  said  that  the  red  band  oc¬ 
curs  in  fluorescence  without  the  yellow  and  orange  bands  only  if  fluores¬ 
cence  is  excited  by  red  light  (660-680  mM);  and  Knorr  and  Albers  (1933 
1935)  observed  “subsidiary”  fluorescence  bands  on  the  short-wave  side  of 
the  main  one— at  633  and  637  m p  in  chlorophyll  a  and  b,  respectively  (cf. 
Table  23.1) ;  but  Zscheile  and  co-workers  (1935,  1943),  who  excited  fluores¬ 
cence  with  white  light,  and  Vermeulen,  Wassink  and  Reman  (193/),  who 
used  ultraviolet  and  blue  exciting  light,  obtained  fluorescence  curves  with¬ 
out  any  indication  of  such  additional  bands  (cf.  fig.  23.2). 

Zscheile  and  Harris  (1943)  found  that  the  fluorescence  spectrum  o 
chlorophyll  was  exactly  the  same  whether  excited  by  the  mercury  me. 
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365,  404.7,  435.8  or  546  mu,  or  by  white  light  filtered  through  a  red,  orange 
yellow,  violet,  blue  or  green  filter. 

Whether  chlorophyll  is  capable  of  emitting  a  weak,  but  long-lasting 
infrared  fluorescence  (originating  in  a  metastable  state,  cf.  page  753)  is 
uncertain.  Calvin  and  Dorough  (1947)  have  described  such  a  “phosphores¬ 
cence,”  but  Livingston  and  co-workers  (1948)  could  not  confirm  their  ob¬ 
servations  (cf.  page  795). 

Figure  23. IB  shows,  beside  the  fluorescence  spectra  of  the  two  chlorophylls,  also 
those  of  the  two  pheophorbides,  and  of  two  porphyrins.  The  pheophorbides  (i.e., 
chlorophyllides  in  which  hydrogen  has  been  substituted  for  magnesium)  fluoresce  not 
less  strongly  than  the  chlorophylls  or  chlorophyllides  themselves;  but  certain  other  sub¬ 
stitutions  in  the  same  position  in  the  molecule  ( e .  g.,  copper  instead  of  magnesium)  cause 
complete  disappearance  of  fluorescence. 


Stern  and  Molvig  (1935,  19361),  Stern  and  Dezeli6  (1936)  and  Stern 
(1938)  have  investigated  the  fluorescence  of  numerous  porphyrins  and 
chlorins.  They  found  that,  similarly  to  chlorophyll,  all  of  them  fluoresce 
with  red  light,  even  when  excited  by  violet  or  ultraviolet  radiation.  The 
main  fluorescence  band  always  lies  close  to  the  first  absorption  band  in  the 
Ied  whether  this  band  is  the  weakest  of  the  whole  absorption  spectrum 
(as  in  some  porphyrins)  or  the  strongest  one  (as  in  chlorins  and  phorbins). 
Stern  (1938)  found  that  tetrapyrrole  compounds  without  the  closed  por- 
plnn  ring  system  (e.  g.,  the  bile  pigments),  as  well  as  compounds  in  which 
the  conjugation  in  the  porphin  ring  is  interrupted,  do  not  obey  this  rule, 
and  do  not  show  sharp  fluorescence  bands  at  all.  He  therefore  considered 
a  sharp  red  fluorescence  band  as  an  important  characteristic  of  the  all¬ 
round  conjugated  porphin  ring  system. 

According  to  the  term  systems  given  in  figures  21.9  and  21.25  the  ap¬ 
pearance  of  the  red  band  in  fluorescence,  to  the  exclusion  of  all  the  other 
ands,  means  that  all  excitation  energy  in  excess  of  that  corresponding  to 
the  lowest,  nonvibrating,  excited  electronic  state  is  dissipated  before 
uorescence  can  occur— probably  first  by  internal  distribution  of  this 
nergy  among  vibrations  within  the  pigment  molecule,  a  process  known 

t "rVeTh°ni'  andithen  by  g'adUal  <>f  vibrational  ^2 

whethe*  l^d  o"hvrMTrd  1  ^  ^  ^ 

a  significant 

It  vas  suggested  by  Franck  and  Herzfeld  (1937)  that  tho  r 

chlorophyll  to  convert  ranidlv  m,.„,to  r  i  that  the  caPacity  of 

may  be  important  for  the  function  o^this^  ^  ^maller  red  quanta 
cause  it  prevents  the  occnZn  f  ?,gment  ln  Photosynthesis,  be- 

that  could  be  sensitized  by  the  Urger'cplTte^ ^>'0  Photochemical  reactions 
not  be  correct  but  sinrp  tbr>  •  This  surmise  may  or  may 

chlorins,  it  cannot  explain  the'sDe^T^'t  !^lare<l  b.v  all  porphyrins  and 
catalyst  in  photosynthesis!  "  SU,tab'Uty  °f  ch'OT°Phy»  as  photo- 
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Table  23. II 


A.  Fluorescence  Bands  of  Porphin  in  Dioxane 


Band  no. 

-1 

0 

1 

2 

3 

Interpretation 

Ai  -*■  Xi 

Ao  — ►  Xo 

Ao  -*  Xi 

Ao  — -  X2 

Ao  — *■  Xj 

X,  m/x . 

591 

616.5 

644 

669 . 5 

684 

v,  cm.-1 . 

16,900 

16,200 

15,500 

14,950 

14,600 

Av,  cm. 


-i 


700 


700  550 


350 


B.  Vibrational  Quanta  in  Fluorescence  Spectrum  of  Chlorophylls  a  and  b 


Value 

Chlorophyll  a 

Chlorophyll  b 

X,  niM 
v,  cm.-1 

Av 

665  736 

15,000  1  13,580 

1420  11 

801 

12,480 

00 

646 

15,500 

14 

713 

14,020 

80  13 

789 

12,670 

.50 

The  sequence  of  several  bands  observed  in  the  fluorescence  spectra  of 
chlorophyll  and  its  derivatives  (as  well  as  in  those  of  the  porphyrins)  prob¬ 
ably  corresponds  to  transitions  from  the  excited  electronic  state  A0  (or  Y0 ) 
to  different  vibrational  levels  of  the  ground  state,  Xo,  XX;  X2  ...  As  an 
example,  we  consider  first  the  fluorescence  spectrum  of  porphin,  as  ob¬ 
served  by  Stern  and  Molvig  (1936).  It  consists  of  the  five  bands  listed 
in  Table  23.11.  The  band  at  616.5  mM  is  the  strongest.  Comparison 
with  the  absorption  spectrum  of  the  same  compound  (compare  Table 


21. V)  shows  that  all  five  fluorescence  bands  probably  are  related  to  the  one 
weak  band  in  the  absorption  spectrum  at  613  mu.  According  to  the  term 
system  in  figure  21.9,  this  is  the  0-^0  band  of  the  A  ->X  system.  The 
band  designated  as  “  —  1  in  Table  23.11  must  then  be  an  anti-Stokes 
band,”  originating  in  the  next-to-lowest  vibrational  level  of  the  excited 
electronic  state  A.  According  to  Table  21.V,  the  level  Ax  is  situated  1520 
cm.-1  on  the  short-wave  side  of  the  0  — >  0  band;  while  the  fluoiescence 
band  “  - 1”  is  displaced  only  700  cm.  -1  in  the  same  direction.  This  differ¬ 
ence  can  be  interpreted  by  assuming  that  the  state  in  which  the  “  - 1”  band 
originates  belongs  to  a  vibrational  sequence  not  excited  by  light  absorption. 
Or  one  can  postulate  that  the  “-1”  band  does  originate  m  the  vibrational 
level  A,  but  terminates  in  a  vibrational  level  of  the  ground  state  situatec 

about  800  cm.-1  above  the  Xo  state.  ..  , 

Bands  1,  2  and  3  probably  all  originate  in  the  nonvibrating  excited 
state  A0,  and  terminate  in  the  successive  levels,  X,,  X.  and  X3,  of  the  gram 
state  According  to  this  interpretation,  the  vibrational  quanta  of 
ground  state  of  porphin,  which  are  excited  by  fluorescence  are  compara¬ 
tively  small  and  rapidly  declining  in  size  (700-800,  550  and  350  cm  ).  In 
chlorophyll,  on  the  other  hand,  the  two  sets  of  vibrational  quanta,  denved 

from  the  absorption  and  the  fluorescence  spectrum,  respectively,  an  of  th 
1  r  •+  Ho  n  inn  1  500  cm  -1)  This  is  shown  by  a  compaii 

same  order  of  magnitude  (1100  15UU  cm.  T  w  9o  TTR  (For 

son  of  the  Ar  values  in  Table  21. VI  with  those  in  the  Table  23.IIB.  (I? 01 
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the  sake  of  uniformity,  all  figures  in  Table  23.1  IB  are  based  on  the  data  ol 
Dh6r6  and  Raffy  in  Table  23. 1  A.) 

In  bacteriochlorophyll ,  the  distance  between  the  two  fluorescence  bands 
(shown  in  fig.  24.4)  is  much  larger  than  in  chlorophyll  2400  cm.  1 ;  and 
the  short-wave  (red)  band  is  weaker  than  the  long-wave  (infrared)  band. 
This  points  to  two  different  electronic  transitions,  rather  than  two  vibra¬ 
tional  bands  in  a  common  band  system.  The  two  fluorescence  bands  may 
even  belong  to  two  different  molecular  species.  Only  the  stronger  of  them 
—that  at  810  mp — appears  to  be  correlated  with  a  known  absorption  band 
of  bacteriochlorophyll,  that  at  770  mp  ( cf .  fig.  21.7).  (This  correlation  im¬ 
plies  that  AX,  the  displacement  of  the  fluorescence  band  relative  to  the 
absorption  band,  is  of  the  order  of  40  m p,  as  against  <15  mp  in  ordinary 
chlorophyll.) 

This  may  be  the  place  to  mention  the  luminescence  that  occurs  when  a  chlorophyl 
solution  in  tetralin  is  heated  to  125°  C.  This  phenomenon  was  first  described  by  Rothe- 
mund  (1938)  and  investigated  spectroscopically  by  Stewart,  Knorr  and  Albers  (1942). 
The  maximum  of  the  luminescence  band  was  found  at  677.5  mjtt.  After  the  tetralin 
solution  was  heated  for  five  minutes,  chlorophyll  showed  a  change — its  fluorescence 
band  was  shitted  from  its  original  position  at  688.5  to  671.0  npu  and  was  reduced  to  one 
third  its  original  intensity;  the  absorption  spectrum  also  had  undergone  a  transforma¬ 
tion,  especially  in  the  blue-violet  region.  The  origin  of  this  luminescence  is  as  yet  un¬ 
known,  and  its  interpretation  as  chemiluminescence,  suggested  by  the  investigators, 
although  plausible,  requires  confirmation. 


2.  Yield  of  Fluorescence  and  Life-Time  of  the  Excited  States 

of  Chlorophyll 

The  fluorescence  yield  can  be  defined  either  as  the  proportion  of  ab- 
Sorbed  ener9V  re-emitted  in  the  form  of  radiation  or,  more  significantly 
as  the  proportion  of  re-emitted  photons.  The  two  figures  coincide  only  in 
he  case  of  resonance  fluorescence;  usually  (particularly  in  condensed  sys- 
0.0*  T.n'*  ‘gh‘  ls  of  a  lower  frequency  than  the  absorbed  light 

‘‘quantm  yL/V  yie'd”  *  therefore  ^  tha" 

The  relation  «,  <  holds  true  for  the  main  fluorescence  bands  of  -.11 
(  envatives  ol  porphin  and  chlorin,  and  the  difference  becomes  particularly 

(page  f  48)  that  only  red  light  is  emitted  in  the  fluorescence  of  tlm^n 
( ompounds ;  this  means  that  the  absorbed  ultraviolet  violet  or  bhiP 

r  d“  1 1— ; 

time  of  the  exoitprl  d  /,  ,  eoretical  life- 

Of  the  order  of  5  X  10-  L  (cf  nag!  ^  th^'h  ^  SyStem)  is 
fluorescence  in  this  system  shows  that  2  elect  ^  °  °1% 

is  dissipated  in  less  than  5  X  10-*  sec i  i of  th«  state  B 
molecular  vibrations.  ’  ’  fter  ess  than  one  hundred 
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It  appears  that  all  porphyrins,  chlorins  and  phorbins,  when  brought 
into  an  elect  ionic;  state  with  an  energy  higher  than  that  of  their  lowest  ex¬ 
cited  state,  rapidly  lose  this  excess  energy,  and  revert  into  state  A  (por¬ 
phyrins),  1  (chlorins  and  phorbins)  or  Z  (bacteriochlorophyll  and  its 
derivatives).  Differences  in  the  yield  of  red  fluorescence  among  various 
compounds  ol  these  three  classes  must  then  be  due  to  variations  in  the 
longevity  of  the  lowest  excited  states  (A,  Y  or  Z) .  In  ‘ ‘nonflu orescent’ ’ 
compounds  (e.  g.,  copper  pheophorbide,  with  <0.01%)  the  energy  of  the 
lowest  excited  state  must  be  dissipated  within  10_u  sec. ;  while  in  “strongly 
fluorescent’ ’  compounds,  such  as  chlorophyll  itself,  this  state  must  persist 
for  10-9  or  10-8  sec.  to  allow  at  least  several  per  cent  of  the  excitation 
energy  to  be  re-emitted  as  fluorescence. 

Prins  (1934)  mentioned  that  the  quantum  yield  of  the  fluorescence  of 
chlorophyll  a  in  ethanol  is  smaller  if  excited  by  blue  than  if  excited  by  red 
light — an  observation  that,  seemed  to  indicate  that  the  conversion  of 
chlorophyll  molecules  in  state  B  into  those  in  state  Y  is  less  than  100%  ef¬ 
ficient,  perhaps  due  to  competition  on  the  part  of  a  photochemical  reac¬ 
tion  with  the  solvent  ( cf .  page  756).  However,  this  result  needed  confirma¬ 
tion;  Dutton,  Manning  and  Duggar  (1943),  who  worked  with  acetonic 
solutions  of  chlorophylls  a  and  b,  found  identical  yields  of  fluorescence  when 
using  excitation  by  violet  light  (436  mM)  or  yellow  light  (578  mu).  More 
recently,  measurements  of  the  relative  yield  of  the  fluorescence  of  chloro¬ 
phyll,  excited  by  the  Hg  lines  435.8  and  577-579  mM,  and  by  narrow  bands 
centered  at  645  and  681  m/z  (isolated  by  means  of  Farrand’s  interference 
filters)  were  made  by  Livingston  and  co-workers  (1949).  Table  23.IIC 
shows  their  results. 


Table  23.IIC 

Effect  of  Wavelength  of  Exciting  Light  on  Relative  Quantum  Yield 

of  Chlorophyll  Fluorescence 

Chlorophyll  b:  _ Chlorophyll  a: _ 

Solvent  y(435.8  mM)  »(435.8  mM)  y(681.0  mM) 

v?(642.5  m m)  y(580.0  tn»i) _ y(645.0  m^) _ 

Ether .  0.58  0.58  0.51 

Methanol. .  0.62  0.63  'Q 

Acetone .  0-?3 _ 067  0  88 _ _ 

* 

Table  23.IIC  indicates  that  the  yield  of  fluorescence  of  both  chloro¬ 
phylls  is  much  higher  when  it  is  excited  in  the  orange-red  system  than 
When  it  is  excited  in  the  blue-violet  band.  Furthermore,  the  yield  drops 
sharply  in  the  far  red-a  result  which  recalls  the  drop  in  the  quantum  yield 
of  photosynthesis  observed  in  the  same  range  by  Emerson  and  Lewi 


YIELD  OF  CHLOROPHYLL  FLUORESCENCE 


753 


(cf.  chapt.  30).  Livingston  mentioned  that  a  similar  decline  of  fluorescence 
in  the  long-wave  region  was  noted  by  Solomin  with  other  dyestuffs.  Such 
a  drop  would  be  understandable  if  the  long-wave  wing  of  the  red  absorption 
band  were  covering  another  band,  leading  to  a  different  excited  electionic 
state.  If,  however,  the  long-wave  wing  is  due  to  transitions  originating  in 
vibrational  levels  of  the  normal  state  and  leading  to  the  same  excited  state 
as  that  reached  in  the  peak  of  the  band  (and  this  is  what  one  would  think 
offhand),  then  the  lower  quantum  yield  of  fluorescence  and  sensitization  is 
peculiar  and  awaits  interpretation. 


In  contrast  to  the  observations  in  the  far  red  the  confirmation  by  Liv¬ 
ingston  of  Prins’s  observation— that  the  fluorescence  yield  of  chlorophyll 
m  solution  is  considerably  smaller  when  fluorescence  is  excited  by  blue- 

,V  10  ^an  W  ien  11  1S  excited  by  red  bght— has  no  parallel  in  the  wave- 

Xt-tr  °H  TantUm  yield  0f  Photos>’»‘«s  in  live  cells 

Quantum  u!  ’  T  ^eems  to  be  even  more  remarkable)  in  the 

quantum  yield  of  chlorophyll-sensitized  autoxidations  in  the  same 

icdium  (alcohol)  (cf.  chapter  18,  page  513).  This  discrepancy  con 
rms  the  supposition  that  photochemical  sensitization  by  chlorophyll  does 
not  compete  dtrect.y  with  fluorescence,  but  is  brought 


754 


FLUORESCENCE  OF  PIGMENTS  IN  VITRO 


CHAP.  23 


mation  of  chlorophyll  into  a  long-lived  active  (tautomeric,  isomeric  or 
metastable  electronic)  state.  This  transformation  may  perhaps  occur  not 
only  from  state  A,  but  also  directly  from  state  B  (fig.  21.9  and  scheme 
23.1).  Molecules  excited  to  the  higher  state  B,  have  the  choice  of  going 
directly  to  T,  or  first  to  A  and  thence  to  T.  Consequently,  the  total  prob¬ 
ability  of  conversion  to  a  metastable  state  is  higher  for  molecules  excited 
by  blue-violet,  than  for  those  excited  by  red  light.  In  the  numerical  ex¬ 
ample  indicated  in  scheme  23.1,  this  probability  is  95%  for  molecules  in 
state  B  and  90%  for  molecules  in  state  A — leaving  for  fluorescence,  5% 
in  the  first  case  and  10%  in  the  second. 

More  measurements  of  the  yield  of  fluorescence  of  chlorophyll  under 
different  conditions  are  greatly  needed  for  better  understanding  of  the 
photochemistry  of  this  compound.  At  present,  our  knowledge  of  the 
absolute  yield  of  chlorophyll  fluorescence  in  solution  is  limited  to  a  single 
estimate  by  Prins  (1934),  who  found  it  to  be  of  the  order  of  10%  (in  a  10  4 
M  solution  of  chlorophyll  a  in  ethanol).  He  did  not  take  into  account 
self-absorption  (c/.  fig.  23.3),  and,  not  knowing  the  exact  experimental  ar¬ 
rangement,  it  is  impossible  to  estimate  its  influence  on  the  yield. 

Perrin  (1929)  calculated  3  X  10  “8  sec.  for  the  life-time  of  chlorophyll 
fluorescence,  from  polarization  measurements  in  four  solvents  of  different 


viscosity. 

If  we  accept  the  Prins  estimate  as  substantially  correct,  it  follows  that, 
even  in  so-called  “strongly  fluorescent”  chlorophyll  solutions,  90%  of  the 
excited  pigment  molecules  lose  their  excitation  energy  before  they  have  an 
opportunity  to  fluoresce.  The  actual  mean  life-time  of  the  excited  state  7 
under  these  conditions  must  be  of  the  order  of  0.1  X  8  X  10  s  =  8  X  10 
sec.  (c/.  equation  22.3).  Not  all  of  the  excitation  energy  needs  to  be  lost 
during  this  period.  The  fate  of  the  residual  excitation  energy  is  not  defi¬ 
nitely  established,  but  in  the  next  section  we  will  discuss  indications  (men¬ 
tioned  in  Volume  I,  page  483)  that  the  chlorophyll  molecules  in  state  .4, 
which  fail  to  emit  fluorescence,  are  converted  into  a  long-lived  active  form 
(level  T  in  scheme  23.1),  which  may  represent  a  metastable  triplet  electronic 
state  or  a  tautomer,  or  an  oxidized  or  reduced  molecular  species 

The  fluorescence  yield  of  allomerized  chlorophyll  a  in  methanol  is  ac¬ 
cording  to  Livingston  (1949)  about  one-half ,  and  that  of  allomerized  chloro- 
phylfc  about  tLe,  that  of  the  intact  pigment.  The  change ,  »  the  same 
when  the  “allomerization”  of  the  pigments  is  caused  by  iodine,  or  accele, 

ated  by  catalysts  such  as  LaCls.  .  , 

This  confirms  that  all  these  reagents  lead  to  the 

product— which,  according  to  Fischer  (Volume  X,  pag 

oxidized  at  the  carbon  atom  C  (10). 
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3.  Factors  Limiting  the  Yield  of  Fluorescence 

What  process  (or  processes)  cause  the  abbreviation  of  the  natural  life¬ 
time  of  the  excited  state  A  of  dissolved  chlorophyll  molecules  and  prevent 
a  100%  yield  of  fluorescence?  If  a  single  molecule  in  vacuum  absorbs  a 
light  quantum,  the  probability  of  fluorescence  is  100%,  since  fluorescence 
is  the  only  way  in  which  the  molecule  can  get  rid  of  excess  energy.  A  tem¬ 
porary  distribution  of  this  energy  between  the  internal  degrees  of  freedom 
or  even  its  transformation  into  chemical  energy,  by  isomerization  or  dis¬ 
sociation,  can  delay  the  emission  of  fluorescence,  but  cannot  prevent  it. 
Sooner  or  later,  the  original  composition  and  configuration  of  the  molecule 
will  be  restored,  excess  energy  will  again  be  converted  into  the  original  form 
of  electronic  excitation  and  emission  of  fluorescence  will  take  place. 

In  condensed  phases,  on  the  other  hand,  the  yield  of  fluorescence  is  usu¬ 
ally,  it  not  always,  less  than  unity.  This  weakening  of  fluorescence  by 
the  medium  has  several  causes.  The  presence  of  a  large  number  of  foreign 
molecules  can  make  both  the  above-mentioned  “fluorescence-delaying” 
processes  the  dissipation  of  the  electronic  excitation  energy  within  the 
absorbing  molecule  (“internal  conversion”)  and  the  transformation  of 
excitation  energy  into  chemical  energy— partly  or  completely  irreversible, 
and  thus  i educe  the  probability  of  fluorescence.  The  proximity  of  foreign 
molecules  adds  new  possibilities  of  chemical  utilization  of  light  energy, 
since  the  excited  molecule  can  now  react  with  other  molecules  encountered 
dui  ing  the  excitation  period.  A  fourth  possibility  of  energy  loss  in  condensed 
systems— in  addition  to  ( 1 )  internal  conversion,  {2)  chemical  reaction 
within  the  excited  molecule  and  ( 3 )  chemical  reaction  with  molecules  of 
the  medium  is  (4)  bulk  transfer  of  electronic  energy  from  the  excited 
mo  ecu  e  to  a  foreign  molecule  close  by.  Finally  (5),  if  the  fluorescent 
molecules  are  present  in  sufficient  concentration,  “self-quenching  ”  i.  e. 
energy  dissipation  by  interaction  of  excited  with  nonexcited  pigment  mole¬ 
cules,  may  become  significant. 

It  is  important  to  keep  in  mind  that  the  interaction  of  a  fluorescent 
molecule  with  a  given  medium  can  be  complex.  For  example,  the  presence 

dower  mF«rth,may  “rt*  dissiPation  irreversible,  but  also 

~ 5  rrm  ^ 

and  so  on  '  protection  ,  t.  e.,  stimulation  of  fluorescence, 
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(a)  Internal  Conversion  ( Physical  Dissipation  of  Excitation  Energy ) 

In  complex  molecules,  electronic  excitation  states  are  likely  to  be  con¬ 
verted,  before  fluorescence  has  had  time  to  occur,  into  strongly  vibrating 
states.  The  reason  for  this  is  that  the  nonvibrating  (or  weakly  vibrating) 
excited  electronic  state  may  have  not  only  the  same  energy,  but  also  the 
same  nuclear  configuration  as  strongly  vibrating,  electronically  nonexcited 
states.  (This  is  the  many-dimensional  equivalent  of  the  “crossing  of  po¬ 
tential  curves”  of  diatomic  molecules.)  It  was  stated  above  that,  in  an 
isolated  molecule,  internal  conversion  is  reversible,  and  therefore  can  only 
delay  but  not  prevent  fluorescence.  In  condensed  systems,  on  the  other 
hand,  the  vibrational  quanta  of  the  “converted”  molecule  can  be  lost,  by 
collisions,  to  the  molecules  of  the  medium.  The  loss  of  one  or  a  few  vibra¬ 
tional  quanta  may  be  sufficient  to  make  return  into  the  original,  electroni¬ 
cally  excited  state  impossible,  and  thus  prevent  fluorescence.  The  re¬ 
maining  vibrational  quanta  can  then  be  lost,  at  leisure,  one  by  one,  to  the 
surrounding  molecules. 


(6)  Isomerization  or  Dissociation  (“  Monomolecular”  Chemical  Quenching ) 

The  excitation  energy  can  be  used,  within  the  absorbing  molecule 
(either  directly,  or  after  “internal  conversion”  into  vibrational  energy),  for 
a  chemical  change,  e.  g .,  isomerization,  or  dissociation.  Here  again,  the 
reversible  character  that  the  process  has  in  vacuum  may  be  lost  in  the 
presence  of  foreign  molecvdes.  The  photochemically  formed  isomer  oi 
tautomer  may,  for  example,  lose  one  or  several  vibrational  quanta  by  col¬ 
lisions,  and  thus  become  incapable  of  reconversion  into  the  original,  elec¬ 
tronically  excited  form.  Similarly,  the  recombination  energy  of  the  disso¬ 
ciation  fragments  may  be  lost  to  foreign  molecules  serving  as  “third  bodies,” 
so  that  the  original  molecule  will  be  formed  directly  in  the  nonexcite 
ground  state.  (In  this  case,  the  dissociation  remains  chemically  reversib  e, 
but  recombination  is  not  the  exact  reversal  of  photochemical  dissociation, 
since  it  occurs  without  chemiluminescence.) 


(c)  Reaction  with  Foreign  Molecules  (“ Bimolecular”  Chemical  Quenching) 

The  presence  of  foreign  molecules  opens  the  possibility  of  “bimolecular” 
chemical  reactions  of  electronically  excited  molecules.  The 
ners  may  be  the  molecules  of  the  solvent,  or  molecules  of  an  accidental  im¬ 
purity  (e.  g.,  dissolved  oxygen)  or  specially  provided  quenchers.  In  this 
case  again  even  if  the  photochemical  reaction  is  reversed  afterward,  t 
reversal  is  likely  to  occur  without  chemiluminescence;  in  other  words,  the 
^ht  energy  used  for  the  photochemical  forward  reaction  will  not  be  avail- 

able  for  re-emission  in  the  back  reaction. 
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As  to  the  specific  nature  of  the  quenching  reactions,  two  types  appear 
most  likely:  Oxidation-reductions  and  complex  formation.  The  first 
type  can  be  represented  by  equation  (23.1  A  or  B) : 

(23. 1A)  Chi*  +  Q - *  oChl  +  rQ 

(23. IB)  Chi*  +  Q - »  rChl  +  oQ 

(where  o  stands  for  oxidized,  r  for  reduced,  Q  for  quencher  and  Chi*  for 
excited  chlorophyll).  The  second  type  is  described  by  equation  (23.2) : 

(23.2)  Chi*  +  Q - »  Chi *Q - >  ChlQ - ►  Chi  +  Q 

the  quenching  effect  being  due  to  accelerated  internal  conversion  of  ex¬ 
citation  energy  into  vibrational  energy  in  the  complex  Chl*Q. 

If  Q  is  the  solvent,  only  reactions  (23.1  A  and  B)  can  be  classified  as 
“chemical  quenching,”  while  reaction  (23.2)  becomes  identical  with  “phys¬ 
ical”  energy  dissipation  in  the  solvated  pigment  molecule. 

Photochemical  reactions  with  foreign  molecules  interfere  with  fluores¬ 
cence  only  if  they  take  place  directly,  i.  e.,  by  encounters  of  electronically 
excited  molecules  with  the  quencher.  If,  on  the  other  hand,  reactions 
of  this  kind  are  preceded  by  monomolecular  steps  such  as  isomerization 
(or  dissociation)  of  the  excited  molecule,  their  effect  on  fluorescence  may 
become  negligible  (since  the  molecules  that  take  part  in  the  photochemical 
reaction  are  the  ones  lost  for  fluorescence  anyhow;  ( cf .  second  scheme  on 
p.  483,  "\  ol.  I).  We  will  use  this  concept  below;  cf.  page  788  in  interpreting 
the  nonquenching  of  chlorophyll  fluorescence  by  certain  compounds  whose 
autoxidation  is  sensitized  by  this  pigment. 

Sometimes  the  isomeric  molecule,  formed  after  light  absorption,  has  a 
certain  chance  of  reverting  into  the  original  electronically  excited  state 
(f‘  9m}  "  ’th  the  help  of  thermal  energy).  Similarly,  photochemical  dissocia¬ 
tion  products  may  have  a  certain  chance  of  forming  an  electronically  ex- 
( ited  molecule  by  recombination.  If  this  exact  reversal  of  the  primary 
photochemical  process  occurs  after  a  period  that  is  long  compared  to  the 
duration  of  ordinary  fluorescence  (10~7  sec.),  we  observe  the  emission  of 
delayed  fluorescence”  or  “phosphorescence.”  Chemical  reactions  of  the 
metastable,  isomeric  photoproduct  (or  of  the  dissociation  products)  will 
cause  quenching  of  this  delayed  emission.  This  is  the  mechanism  of  the 

S  TOn  7SQ^enChmS  °f  phosphorescence  of  many  dyestuffs  by  oxygen  (cf. 


(d)  Bulk  Transfer  of  Electronic  Energy 

Transfer  of  electronic  excitation  energy  “in  bulk”  to  another  tvne  of 

excited  ®  r"  ead  t0  .,he  wenching  of  the  fluorescence  of  the  originally 
excited  molecular  spec.es,  e.ther  by  substitution  of  a  secondary  (stronger 
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or  weaker)  “sensitized”  fluorescence  of  the  quencher,  or  (if  the  quencher 
is  nonfluorescent)  by  complete  conversion  of  the  excitation  energy  into 
heat. 

Three  types  (or  rather  three  limiting  cases)  of  electronic  energy  trans- 
fei  mechanisms  are  known.  The  first,  which  is  the  only  one  possible  when 
the  distance  between  the  excited  molecule  and  the  quencher  is  >10~5  cm. 
(for  visible  light  quanta),  is  trivial — the  emission  of  a  light  quantum  by  the 
primarily  excited  molecule  and  its  reabsorption  by  a  molecule  of  the 
quencher,  a  process  similar  to  the  “self-absorption”  of  fluorescence  (page 
745).  The  second  mechanism  is  energy  transfer  by  kinetic  collisions 
(so-called  “collisions  of  the  second  kind”),  or  “encounters,”  to  use  a  term 
more  appropriate  for  molecules  in  solution.  It  is  associated  with  the 
mutual  disturbance  of  the  electronic  structures  of  the  two  molecules  in 
contact,  and  requires  approach  to  within  the  kinetic  collision  diameter 
(10~8  to  10-7  cm.).  In  this  case,  the  energy  exchange  is  not  contingent 
on  “resonance”  between  the  electronic  excitation  states  of  the  two  part¬ 
ners,  since  a  considerable  fraction  of  electronic  energy  can  be  converted  into 
vibrational  or  kinetic  energy  in  the  collision.  A  third  and  perhaps  most 
interesting  possibility  is  the  “resonance  transfer”  of  electronic  excitation 
energy  between  two  practically  undisturbed  molecules,  which  can  occur 
when  these  molecules  are  within  a  distance  smaller  than  the  wave  length 
of  the  exchanged  quantum  (^10~f'  cm.  for  visible  light),  and  does  not 
require  an  actual  “contact”  between  them.  The  probability  of  this  kind 
of  transfer  depends  decisively  on  resonance  between  the  energy-exchanging 
molecules  (i.  e.,  on  the  mutual  overlapping  of  the  fluorescence  band  of  the 
donor  and  the  absorption  band  of  the  acceptor).  The  phenomenon  was 
first  discussed  by  Ivallman  and  London  in  application  to  sensitized  fluores¬ 
cence  in  gases.  Similar  considerations  were  afterward  applied  to  solutions 
by  J.  Perrin  (1926,  1927),  who  used  classical  electrodynamics,  and  by  F. 
Perrin  (1929,  1932),  who  first  attempted  a  quantum-mechanical  treatment. 
F.  Perrin  used  this  energy  transfer  mechanism  to  interpret  so-called 
“concentration  depolarization”  of  fluorescence  in  solution  (decrease  in  the 
degree  of  polarization  with  increasing  concentration).  Subsequently, 
several  other  phenomena  in  fluorescence  and  photochemistry  have  been 
ascribed  to  energy  exchanges  of  this  type,  and  improved  theoretical  treat¬ 
ments  were  evolved  by  Vavilov  and  co-workers  (1942,  1943,  1944),  Forstei 
(1946,  1947,  1948)  and  Arnold  and  Oppenheimer  (1950).  Because  of 
the  importance  of  the  resonance  transfer  concept  for  the  photochemical 
mechanism  of  photosynthesis  (in  particular,  for  the  possible  participation 
of  phycobilins  and  carotenoids  in  it),  these  papers  will  be  discussed  in 
greater  detail  in  chapters  30  and  32.  Here,  we  are  concerned  only  with 
the  possibility  of  quenching  (or  excitation)  of  chlorophyll  fluorescence  being 
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due,  in  some  cases,  to  resonance  transfer  of  excitation  energy  not  lequiiing 
molecular  contact.  Examples  will  be  found  on  p.  /  *  8  (quenching  of  dye 
fluorescence  by  other  dyes),  p.  790  (chlorophyll  a  fluorescence  sensitized 
by  b)  and  in  chapters  24  and  32  (energy  transfer  between  pigments  in 
vivo).  Self-quenching,  too,  may  be  caused  by  resonance  (p.  797). 


(e)  Self -Quenching 


Experience  shows  that  quenching  by  molecules  identical  with  the  ex¬ 
cited  one  often  is  particularly  strong.  This  is  revealed  by  rapid  decrease 
in  the  yield  of  fluorescence  of  many  substances  with  increasing  concentra¬ 
tion  of  the  fluorescent  pigment.  This  strong  self-quenching  probably  is 
due  to  very  close  resonance  between  the  fluorescent  molecule  and  the 
quencher.  However,  resonance  transfer  of  electronic  energy  does  not  in 
itself  explain  self-quenching,  because,  from  the  point  of  view  of  the  yield 
of  fluorescence,  it  should  be  irrelevant  whether  the  excitation  energy 


stays  with  the  originally  excited  molecule  or  is  transferred  to  another 
molecule  of  the  same  kind.  Nevertheless,  self-quenching  can  result  from 
resonance,  if  some  additional  phenomena  are  taken  into  account.  Effective 
energy  dissipation  can  result  either  from  kinetic  encounters  of  excited  and 
normal  pigment  molecules  (“kinetic  self-quenching”),  or  from  their  close 
a\  eiage  proximity  (  static  self-quenching”).  In  the  first  case,  we  can  pos¬ 
tulate  transient  formation  of  dimeric  molecules  during  the  encounter. 
Resonance  between  the  two  structures,  D*D  ^  DD*,  creates  an  attraction 
force,  leading  to  a  more  intimate  contact  of  the  two  electronic  systems 
than  that  established  in  an  encounter  of  two  nonresonating  molecules. 
I  his  can  bring  about  accelerated  conversion  of  electronic  into  vibrational 
energy;  the  molecules  which  met  as  D*  +  D  will  then  separate  as  D  +  D. 

Resonance  transfer  of  excitation  energy  over  distances  wider  than  a 
collision  diameter  also  can  explain  self-quenching,  if  one  makes  certain 
auxiliary  hypotheses.  Forster  (1947,  1948)  suggested,  for  example,  that 
e\en  dyestuff  solutions  which  reveal  no  equilibrium  dimerization  (i  e 
show  no  effect  of  concentration  on  the  absorption  spectrum;  cf.  below)’ 
contain  a  small  proportion  of  nonfluorescent,  dimeric  molecules.  If  the 
resonance  exchange  of  excitation  energy  is  so  fast  that  this  energy  visits 
i  ming  its  life  time,  a  considerable  number  (say  >  100)  pigment  molecules 

‘‘trap-’The^citeT  *  S"‘g'°  ‘‘"T  “  thfe  series  of  “hosts”  "W  suffice  to 
ap  the  excitation  energy,  and  dissipate  it  into  heat.  (Of  course  for 

flu™T„d°om  °ffeCtlVe'  the  abS°'Pti0n  baDd  ‘'"-  and  th 

nance  eXS  h  n°mermUSt  °V”Up  SUffidently  t0  permit 

Franck  and  Livingston  (1949)  suggested  another  possibility-that 
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energy  traps  are  provided  by  monomers  which  are  in  the  state  of  excep¬ 
tionally  strong  thermal  agitation.  (This  hypothesis  explains  also  the  de¬ 
cline  in  t lie  intensity  of  fluorescence,  usually  observed  with  rising  tempera¬ 
ture.)  Accelerated  dissipation  of  electronic  energy  in  “hot”  molecules  is 
plausible,  since  in  order  to  convert  electronic  energy  into  vibrational  energy, 
a  configuration  ol  the  nuclei  must  be  reached  in  which  the  electronic  sys¬ 
tem  has  the  same  energy  in  the  excited  and  in  the  normal  state  (“crossing 
point  of  two  potential  curves”  in  the  diatomic  model).  This  configuration 
usually  can  be  achieved  only  by  combination  of  electronic  excitation  with 
vibrations  of  appropriate  kind;  the  excited  molecule  must  wait  until  an 
accidental  fluctuation  of  thermal  agitation  supplies  the  critical  degree  of 
freedom  with  the  amount  of  vibrational  energy  required  to  make  internal 
conversion  possible.  The  higher  the  temperature,  the  shorter  will  be  this 
waiting  period,  and  the  greater  the  probability  of  internal  conversion  oc¬ 
curring  during  the  electronic  excitation  period,  and  competing  successfully 
with  fluorescence. 

One  may  ask :  how  can  resonance  migration  of  excitation  energy  assist 
this  mechanism  of  dissipation?  Does  it  make  any  difference  whether  the 
excitation  stays  with  one  molecule  and  awaits  there  the  thermal  fluctua¬ 
tion  that  will  permit  it  to  be  dissipated,  or  whether  it  visits  a  thousand 
molecules  during  the  same  total  life-time,  spending  a  correspondingly  short 
time  with  each  of  them?  We  said  elsewhere  in  this  book  that  a  man  cannot 
change  his  life  expectancy  by  sleeping  every  night  in  a  different  bed! 
Whether  this  analogy  applies  here  or  not  depends  on  the  relative  duration 
of  a  thermal  fluctuation  and  electronic  excitation.  If  the  fluctuation  is 
short-lived,  in  comparison  not  only  with  the  total  duration  of  electronic 
excitation,  but  also  with  the  time  during  which  the  excitation  remains 
with  a  single  host  molecule,  then  migration  can  have  no  effect — the  chance 
of  being  hit  by  lighting  is  the  same  whether  one  spends  the  thunderstorm 
under  a  single  tree  or  shifts  every  minute  from  one  to  another  (identical) 
tree.  If,  however,  the  state  of  abnormal  thermal  agitation  lasts  long  com¬ 
pared  to  electronic  excitation  of  a  single  molecule,  then  resonance  exchange 
will  increase  the  chances  of  the  two  meeting  in  one  molecule.  (If  one  house 
in  a  hundred  in  a  town  is  quarantined  for  smallpox,  then  a  visitor  who 
comes  to  town  will  be  much  safer  if  he  stays  the  whole  time  in  the  first 
house  he  has  entered  than  if  he  visits  a  hundred  houses,  spending  a  corre¬ 
spondingly  short  time  in  each  of  them.) 

In  mathematical  form,  the  probability  of  two  independent  events,  one 
lasting  T  sec.  (electronic  excitation)  and  another  t  sec.  (thermal  fluctuation) 
overlapping  each  other  in  a  single  molecule,  is  changed,  by  subdividing  1 
into  n  periods  of  T/n  sec.  each,  by  the  factor . 

(nt/77)  +  1 
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which  is  significantly  different  from  1  if  t  is  not  <^.  T/n,  i.  e.,  if  the  duration 
of  the  thermal  fluctuation  is  not  much  shorter  than  that  of  electronic  ex¬ 
citation  of  a  single  molecule.  The  former  can  be  postulated  to  last  for  a 
period  of  a  few  molecular  vibrations,  thus  t  —  10 ~12  sec.  The  total  period 
of  electronic  excitation  is  T  ~  10-8  sec.  (for  example,  in  alcoholic  chloro¬ 
phyll  solution,  the  natural  life-time  of  excitation  is  —  5  X  10~8  sec.;  the 
actual  life-time  must  be  ten  times  shorter,  as  indicated  by  a  fluorescence 
yield  of  about  10%).  Under  these  conditions,  for  t  to  be  not  much  shorter 
than  T/n,  the  number  n  must  be  higher  than  104,  i.e.,  excitation  energy 
must  be  exchanged  more  than  ten  thousand  times  before  its  dissipation 
(staying  <  10-12  sec.  at  each  molecule  visited).  The  role  of  thermally 
excited  (“hot”)  monomeric  dyestuff  molecules  in  the  concentration  quench¬ 
ing  of  fluorescence  thus  is  predicated  on  this  minimum  length  of  energy 
exchange  chains,  and  on  the  possibility  of  internal  conversion  occurring 
during  the  extremely  short  sojourn  of  the  electronic  energy  in  the  hot  mole¬ 
cule.  It  may  be  suggested  that  conversion  requires  (at  least)  a  period  of  a 
single  molecular  vibration  (^10 ~13  sec.).  This  would  restrict  quenching 
by  hot  molecules  (in  the  case  of  chlorophyll)  to  exchange  chains  not  shorter 
than  104  and  not  longer  than  105  molecules. 

In  addition  to  the  various  physical  mechanisms  of  self-quenching  which 
were  considered  so  far,  two  chemical  mechanisms  also  are  feasible,  analogous 
to  the  two  chemical  mechanisms  ol  quenching  by  foreign  substances,  dis¬ 
cussed  in  section  (c).  They  are:  an  oxidation-reduction  reaction  between 
the  excited  and  a  normal  molecule  (photodismutation) : 

(23-3>  Chi*  +  Chi  - >  oChl  +  rChl 


and  formation  of  nonfluorescent  dimers  by  two  normal  molecules: 


(23.4) 


Chi  +  Chi 


Chl2 


Dimerization  of  dyestuff  molecules  is  favored  by  the  fact  that  marked 
resonance  attraction  must  occur  not  only  between  an  excited  and  a  normal 

T  fed  stlte  ^h  ab°,Ve)’ bU*  a'S0  betWeen  tWO  molecules  “>e  ,wn- 
exated  state.  (This  application  of  London’s  theory  of  intermolecular 

194n  Vh  T'n!'  m°leTeS  WaS  su«5ested  by  Rabinowitch  and  Epstein 
in  so  ,  t  tendency  of  dyestuff  molecules  to  dimerize  (or  polymerize) 


762 


FLUORESCENCE  OF  PIGMENTS  IN  VITRO 


CHAP.  23 


nonfluorescent  either  because  of  rapid  internal  conversion  of  excitation 
energy,  or  because  of  the  occurrence  of  internal  oxidation-reductions  (dis¬ 
proportionations).  It  was  already  mentioned  above  that  combination 
of  dimerization  with  resonance  exchange  of  energy  can  lead  to  strong 
quenching  even  when  the  number  of  dimeric  molecules  is  very  low. 

Whether  self-quenching  is  due  to  pre-existing  dimers  (or  polymers)  or 
to  encounters  between  excited  and  nonexcited  monomers  (in  which  dimers 
are  formed)  can  often  be  deduced  from  observations  of  the  absorption 
spectra:  In  the  first  case  the  absorption  spectrum  of  the  dyestuff  must 
change  with  concentration  (as  observed,  e.  g.,  by  Rabinowitch  and  Epstein 
with  thionine  and  methylene  blue);  in  the  second  case,  Beer’s  law  must 
be  obeyed  (i.  e.,  the  absorption  spectrum  of  the  dye  must  be  independent 
of  concentration).  Quenching  by  a  chain  of  energy  exchange  reactions, 
with  a  dimer  as  occasional  link  in  the  chain,  suggested  by  Forster,  also  does 
not  require  marked  deviations  from  Beer’s  law,  since  the  number  of  dimers 
present  can  be  very  small. 

Which  of  the  several  possible  quenching  or  self-quenching  processes 
actually  limits  the  yield  of  fluorescence  in  a  given  solution  is  not  easy  to 
say.  If  the  pigment  is  stable  in  light,  and  its  fluorescence  is  unchanged 
after  long  illumination,  “physical”  quenching  is  the  likely  mechanism. 
True,  even  when  chemical  quenching  does  occur,  the  dyestuff  may  be 
photostable,  if  the  quenching  reaction  is  reversible;  and  the  yield  of 
fluorescence  may  remain  unchanged  with  time,  even  when  quenching  ini¬ 
tiates  an  irreversible  sensitized  chemical  reaction,  it  the  products  of  this 
reaction  do  not  quench  fluorescence  stronger  (or  weaker)  than  the  originally 
present  molecular  species.  Usually,  however,  chemical  quenching  is  not 
entirely  reversible,  but  causes  a  more  or  less  rapid  chemical  change  of  the 
fluorescent  pigment;  and  sensitized  chemical  reactions  often  do  lead  to 
the  formation  of  products  whose  presence  changes  the  intensity  ot  fluores¬ 
cence.  When  this  is  the  case,  the  fluorescence  yield  must  change  with  time 
—either  because  the  original  fluorescent  compound  is  converted  into  a  new 
one,  with  different  properties,  or  because  the  fluorescence  yield  of  the 
original  species  is  changed  by  the  accumulation  of  the  products  of  the 
sensitized  reaction.  Therefore,  whenever  the  yield  (or  the  spectrum)  of 
fluorescence  changes  with  time,  the  indication  is  strong  that  chemical  fac¬ 
tors  account  for  at  least  part  of  the  quenching  (for  examples,  see  page  <b4). 

4  systematic  study  of  the  effects  of  solvent,  concentration,  admixtures, 
temperature  and  other  factors  on  the  yield  of  fluorescence  is  needed  to 
elucidate  the  quenching  problem,  which  was  discussed  above  on  the  basis 
of  general  possibilities  more  than  on  the  basis  of  actual  observations  will 
chlorophyll  Studies  of  this  kind  would  be  of  particular  interest  for  under¬ 
standing  the  mechanism  of  sensitized  photochemical  reactions,  such  a. 
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photosynthesis.  Since  this  summary  was  written,  a  number  of  pertinent 
data  have  been  collected  by  Livingston  and  co-workers.  A  discussion  of 
these  will  be  found  below. 

If  we  consider  the  few  presently  available  data  on  the  intensity  of 
chlorophyll  fluorescence  in  different  media,  we  acquire  the  impression  that 
physical  energy  dissipation  and  chemical  quenching  must  both  play  a  pait 
in  these  systems;  but  much  remains  to  be  done  before  their  relative  roles 
will  become  clear. 

The  possibility  that  the  yield  of  chlorophyll  fluorescence  in  solution 
may  be  limited  by  photochemical  dissociation  of  chlorophyll  (e.  g.,  into 
“monodehydrochlorophyll”  and  a  hydrogen  atom)  was  suggested  by 
Franck  and  Wood  (1936).  This  hypothesis  was  discussed  in  chapter  18 
(Vol.  I,  page  484),  and  it  was  pointed  out  that  a  quantum  of  red  light 
(with  an  energy  of  about  40  kcal/einstein)  is  unlikely  to  disrupt  a  carbon- 
hydrogen  bond  (whose  standard  energy  is  about  100  kcal/mole),  even  if 
some  energy  might  be  gained  by  the  solvation  of  the  hydrogen  atom.  Thus, 
if  light  absorption  does  cause  a  reversible  photochemical  change  of  chloro¬ 
phyll,  it  is  more  likely  to  be  either  tautomerization,  or  reaction  with  the  sol¬ 
vent.  Dissociation  becomes  more  likely  when  excitation  occurs  in  the  blue- 
violet  band,  with  quanta  of  about  60  kcal./einstein;  it  was  mentioned  be¬ 
fore  that  this  is  one  possible  explanation  of  the  lower  yield  on  fluorescence 
in  this  region. 

It  is  not  unlikely  that  energy  dissipation  by  internal  conversion  is  the 
basic  factor  limiting  the  yield  of  fluorescence  of  chlorophyll  in  condensed 
systems;  it  is  also  possible  that — as  suggested  by  Franck  and  Livingston 
(1941)  tautomerization  occurs  as  a  more  or  less  regular  intermediary 
stage  in  this  dissipation  ( cf .  Vol.  I,  p.  490).  Chemical  interactions  with 
solvent  or  admixtures,  as  well  as  self-quenching,  are  then  to  be  considered 
as  contributing  factors,  which  further  depress  the  yield  of  fluorescence 
under  certain  conditions.  (According  to  Lewis  and  Kasha — cf.  pp.  790-2 

formation  of  a  metastable  triplet  state  could  play  the  role  ascribed  above 
to  tautomerization.) 


4. 


Influence  of  Solvent  on  Yield  of  Chlorophyll  Fluorescence 


Chlorophyll  fluoresces  in  all  (or  most)  organic  solvents  (as  well  as  in 
wax  and  paraffin),  but  with  different  intensity.  No  precise  measurements 
of  he  fluorescence  intensity  in  different  solvents  are  available,  but  Franck 

K,  End  Knorr  <1935>’  Knorr  and  Albers  (1935), 

Knorr  (1941)  and  Zsche.le  and  Harris  (1943)  gave  some  preliminary  results; 

bln!be  ln™Stlga,ors  «*"*  that  wide  differences  occur  both  in  the  initial 

(cf.  Tabled  mrenCe  m  “ifferent  S°'VentS’  a"d  hl  itS  Chimge  With  time 


764 


FLUORESCENCE  OF  PIGMENTS  IN  VITRO 


CHAP.  23 


Table  23. Ill 

Changes  of  Fluorescence  Intensity  of  Chlorophyll  with  Time  in  Different 
_ Solvents0  (after  Zscheile  and  Harris  1943) 


Fluorescence  intensity  (relative  units) 


Time  of 

illumination,  min. 

Ethyl 

ether 

Isopropyl 

ether 

Acetone 

Cyclo¬ 

hexane 

Benzene 

ecu 

0.25 

57.5 

144 

178 

61.0 

110 

90.5 

1 

54.0 

139 

167 

49.0 

71.0 

44.5 

2 

51.5 

134 

163 

44.0 

55.6 

29.0 

3 

— 

130 

161 

42.8 

44.0 

21.0 

°  According  to  Franck  and  Levi  (1934),  the  fluorescence  of  chlorophyll  is  about 
twice  as  strong  in  ethanol  as  in  aniline. 


More  recently,  Livingston  and  co-workers  found  that  fluorescence  is 
very  weak  or  entirely  absent  in  nonpolar  solvents  if  these  are  free  from 
traces  of  water,  alcohols  or  amines. 

An  effect  of  solvent  on  the  yield  of  fluorescence  is  to  be  expected  what¬ 
ever  the  mechanism  of  quenching.  Even  the  probability  of  “monomolecu- 
lar”  chemical  quenching  by  dissociation  (or  tautomerization)  of  the  ex¬ 
cited  molecule  probably  depends  on  the  degree  of  stabilization  of  the  dis¬ 
sociation  products  (or  of  the  tautomeric  form)  by  solvation.  (Well  known 
is  the  effect  of  solvent  on  enolization — a  tautomeric  transformation  that 
can  occur  in  chlorophyll;  cf.  Vol.  I,  page  444.)  The  occurrence  of  self¬ 
quenching,  too,  may  differ  strongly  depending  on  the  solvent,  as  indicated, 
e.  g.y  by  the  vastly  different  stabilities  of  dimeric  dyestuff  molecules  in 
water  and  alcohol.  The  velocity  of  physical  dissipation  of  excitation  en¬ 
ergy  by  “internal  conversion”  also  must  depend  on  the  nature  of  the  me¬ 
dium  to  which  the  vibrational  quanta  are  to  be  transferred  in  order  to  make 
dissipation  irreversible.  Finally,  the  probability  of  “bimolecular”  chemi¬ 
cal  quenching  by  reaction  with  the  medium  obviously  is  a  function  of  the 


nature  and  purity  of  the  solvent. 

The  “physical”  quenching  of  fluorescence  by  the  solvent  can  be  ex¬ 
pected  to  be  least  efficient  in  solvents  of  symmetric,  nonpolar  nature,  such 
as  cyclohexane  or  carbon  tetrachloride.  However,  recent  evidence  shows 
that  chlorophyll  solutions  of  this  type  fluoresce  less  strongly  than  those 
in  more  polar  or  polarizable  solvents,  and  this  makes  it  probable  that 
chemical  interactions  of  the  pigment  molecules  may  often  be  at  least  as 
important  as  physical  dissipation.  The  rapid  decline  of  fluorescence  with 
time,  found  in  many  chlorophyll  solutions  (e.  g.y  those  in  benzene  and  car¬ 
bon  tetrachloride),  also  points  to  chemical  interaction;  but  whether  it  in¬ 
volves  the  solvent  or  impurities  (e.  g.,  dissolved  oxygen)  remains  to  be  es¬ 
tablished.  It  is  also  uncertain  whether  the  rapid  decline  of  fluorescence  is 
caused  by  a  chemical  transformation  of  chlorophyll,  or  by  chlorophyll- 
sensitized  formation  of  substances  with  strong  quenching  properties. 
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Observations  of  Albers  and  Knorr  (1934,  1935)  and  Knoii  (1941)  con¬ 
cerning  the  changes  in  the  fluorescence  spectra  of  chlorophylls  a  and  b 
with  time,  in  different  solvents  (ether,  acetone,  benzene  and  methanol),  and 
under  different  atmospheres  (air,  oxygen,  carbon  dioxide  and  nitrogen) 
revealed  a  bewildering  variety  of  shifts  in  positions,  shapes  and  intensities 
of  the  fluorescence  bands,  which  do  not  lend  themselves  to  easy  interpreta¬ 
tion,  but  indicate  complex  chemical  changes.  Apparently,  both  the  sol¬ 
vent  and  the  dissolved  gases  participated  in  chemical  reactions  with  ex¬ 
cited  chlorophyll  molecules.  In  some  systems,  these  reactions  led  to  a 
complete  disappearance  of  fluorescence  after  less  than  one  hour  of  illumin¬ 
ation.  One  reason  for  the  complexity  of  the  results  of  Knorr  and  Albers 
majr  have  been  the  use  of  unfiltered  light  from  a  powerful  mercury  arc. 
Strong  ultraviolet  irradiation  may  have  caused  chlorophyll  to  react  with 
substances  that  would  not  have  affected  it  in  visible  (particularly  red) 
light. 

One  strange  observation  of  Knorr  and  Albers  is  that  the  fluorescence  of 
chlorophyll  a  (but  not  that  of  chlorophyll  b)  in  acetone  (but  not  in  other 
solvents)  is  best  preserved  under  an  atmosphere  of  oxygen  (where  it  dis¬ 
appears  only  after  twelve  hours  of  illumination,  whereas,  in  nitrogen  or 
carbon  dioxide,  it  vanishes  completely  in  less  than  one  hour).  As  de¬ 
scribed  in  chapter  18  (Vol.  I,  page  491),  this  may  mean  that  the  quenching 
of  fluorescence  is  caused,  in  acetone,  by  a  reduction  of  the  pigment  (and 
oxidation  of  the  solvent)  and  that  oxygen  restores  the  reduced  pigment  to 
its  original  fluorescent  form  (c/.  chapter  36). 

We  have  considered  so  far  only  those  changes  in  the  intensity  of  fluores¬ 
cence  which  could  follow  from  the  interaction  of  the  chlorophyll  molecule 
in  the  excited  state  with  the  medium.  It  was  mentioned,  however,  in  the 
introduction  that  another  type  of  fluorescence  effects  is  possible — one  m 
which  the  state  of  the  chlorophyll  molecule  is  altered  already  in  the  dark, 
pnor  to  excitation.  This  alteration  must  manifest  itself  in  a  change  of  the 
absorption  spectrum.  One  possibility  of  this  type  is  that  chlorophyll  may 
dimerize  (or  polymerize)  in  some  solvents,  and  remain  monomeric  in  others 
Dimerization  is  known  to  cause  the  disappearance  of  fluorescence  of  many 
dyestuffs  (such  as  methylene  blue)  in  aqueous  solution.  In  the  case  of 
chlorophyll,  no  similar  effect  has  as  yet  been  discovered-unless  one  con¬ 
siders  the  nonfluorescence  of  colloidal  solutions  and  solid  chlorophyll  as 
he  result  of  “quenching  by  polymerization.”  Another  type  „1  a  oeia 
on  however,  appears  to  be  iraportant  in  this  case-associa{io„  of  cWoro- 

nolecuTs^tLTt*,  .st't  h,Ty'  gr°T  °r  amine  groUPs  Present  in  solvent 

uucuics,  in  contrast  to  the  quenching  effect  of  dimeri 
ot  this  type  seems  to  be  necessary  to  bri 
phyll. 


[‘ization,  association 
ing  out  the  fluorescence  of  chloro- 
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This  conclusion  follows  from  some  remarkable  observations  described 
by  Livingston,  Watson  and  McArdle  (1949).  Contrary  to  what  was  gener¬ 
ally  assumed  before,  they  found  that  chlorophyll  solutions  in  nonpolar 
organic  solvents  do  not  fluoresce  at  all  (or  only  very  weakly),  but  that  traces 
of  polar  admixtures,  such  as  water  or  methanol,  are  sufficient  to  “activate” 
their  fluorescence. 

In  this  study,  Livingston  $,nd  co-workers  used  a  mercury  arc  for  excita¬ 
tion  (mainly  the  lines  436  and  405  mju).  The  fluorescent  light  was  filtered 
through  a  deep-red  filter,  so  that  only  the  second  fluorescent  band  of  chloro¬ 
phyll  a  (720  m/Lt)  was  measured.  This  eliminated  self-absorption.  (It  was 
also  stated  that  the  'position  of  the  second  band  is  less  strongly  affected  by 
the  solvent  than  that  of  the  first  band,  which  can  be  shifted  by  as  much 
as  7.6  m/jL,  cf.  table  23. IC;  but  this  seems  strange,  since  one  would  not 


0.2  0.4  0.6  0.8  i.o 

SQUARE  ROOT  OF  MOLE  FRACTION  OF  ALCOHOL 


Fig  23.5.  Intensity  of  fluorescence  of  chlorophyll  a  in  the  system  octanol-benzene 

(after  Livingston  1948). 

anticipate  substantial  differences  in  solvent  effects  on  two  emission  bands 
originating,  presumably,  in  the  same  excited  state  and  leading  to  two  ad¬ 
joining  vibrational  levels  of  the  same  lower  state.) 

Chlorophyll  solutions  in  dry  hydrocarbons  were  obtained  by  evaporat¬ 
ing  in  vacuum  a  solution  of  chlorophyll  a  or  b,  dissolving  the  residue  in  dry 
hydrocarbon,  evaporating  again,  and  repeating  this  operation  until  all 
water  (which  may  have  been  present  in  chlorophyll  fiom  its  prepaiatio  ) 
had  been  removed.  (Disappearance  of  fluorescence  was  used  as  criterion 
of  dryness.)  Various  polar  “activators”  were  then  added,  dissolved  in  the 

^"Tn^rwtdo^ene,  the  intensity  of  fluorescence  (ft  was  <3%  of  that 
ordinarily  observed  in  the  same  solvent  (ft);  even  this  weak  fluorescence 
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could  perhaps  be  due  to  residual  moisture  (or  other  polar  admixtures). 
Addition  of  0.01%  water  (6  X  10~5  mole/1.  H20)  brought  F  back  to  the 
usual  level,  Fo. 

Other  solutions  that  proved  nonfluorescent  were  those  in  n-heptane, 
iso-octane,  styrene,  chlorobenzene,  carbon  tetrachloride  and  diphenyl 
ether.  Solutions  in  methanol,  ethanol,  octanol,  dimethyl  ether  and  diethyl 
ether,  on  the  other  hand,  remained  fluorescent  even  after  drying.  It  was 


Fig.  23.G.  Intensity  of  fluorescence  of  chlorophyll  o  in  a  hydrocarbon  as  function  of 
the  concentration  of  an  activator  (after  Livingston  11)48). 


Curve  number  1 

Solvent . n-IIeptane 

Activator .  Phenylhydrazine 

Chlorophyll ...  a 


2 

Benzene 
Benzyl  alcohol 
a  or  b 


3  4  5 

Benzene  Isooctane  Benzene 

Cetyl  alcohol  Methanol  Piperidine 

a  a  a 


considered  possible  however,  that  the  fluorescence  in  the  last  two  solvents 
was  due  to  residual  impurities. 

Figure  23  5  shows  the  intensity  of  fluorescence  as  function  of  comnosi- 

activated'bv  o'ooifi  TT  T'!  OCtan°l  The  fluorescenee  *  completely 
activated  by  0.0016  mole  alcohol  in  a  mole  of  hydrocarbon  corrcsnnndin* 

in  ^  r“ips  T  found 

thriir ts  of  = 

raise’the  flu^CL^yToTf -T'  “*7*°"  ««  *o 

j  /2  eo,  they  range  from  6.8  X  10 ~2 


70S 


FLUORESCENCE  OF  PIGMENTS  IN  VITRO 


CHAP.  23 


mole/1.  for  dimethylamine  in  benzene,  down  to  only  6.5  X  10~6  mole/1, 
for  piperidine  in  benzene.  Water  is  about  half  as  effective  as  piperidine. 

Although  amines  generally  are  the  strongest  activators,  diphenylamine 
and  diphenylhydrazine  are  without  effect.  It  is  noteworthy  that  phenyl- 
hydrazine  acts  as  activator  in  low  concentration,  and  as  quencher  in  high 
concentrations. 

The  maximum  intensity  of  fluorescence  to  which  chlorophyll  in  a  given 
nonfluorescent  solution  can  be  raised  by  activators  is  independent  of  the 
specific  activator  used,  at  least  in  the  first  approximation. 

Activation  seems  to  be  completely  reversible;  in  other  words,  fluores¬ 
cence  disappears  again  if  the  activator  is  distilled  away,  and  reappears 
upon  its  renewed  addition. 


Table  23.IIIA 

Efficiency  of  Activation  of  Fluorescence  of  a  5  X  10  ~6  Mole  per  Liter  Solution 

of  Chlorophyll  a 


(after  Livingston,  Watson  and  McArdle,  1949) 


Activator 


Solvent 


Benzene 

Benzene 

Benzene 

n-Heptane 

Benzene 

Benzene 

Benzene 

Benzene 

Benzene 

Benzene 

Benzene 

Iso-octane 

Benzene 

Benzene 

Benzene 

Benzene 

Benzene 

Chlorophyll  b. 


Dimethylaniline 

Phenol 

Aniline 

Phenylhydrazine 
Phenylhydrazine 
Formamide 
Benzyl  alcohol 
Benzyl  alcohoP 
Benzoic  acid 
Cetyl  alcohol 
Octyl  alcohol 
Methyl  alcohol 
Benzylamine 
Benzylaminea 
Water 

n-Heptylamine 

Piperidine 


[  Ac  ]ut 


6. 

8 

X 

io- 

-2 

6. 

0 

X 

io- 

-2 

2. 

75 

X 

10 

-2 

8. 

0 

X 

io- 

-4 

6. 

5 

X 

io- 

-4 

4. 

3 

X 

io- 

-4 

4. 

2 

X 

io- 

-4 

4. 

2 

X 

io- 

-4 

3 

6 

X 

io- 

-4 

2 

9 

X 

10- 

-4 

2 

0 

X 

10- 

-4 

1 

1 

X 

10- 

-4 

3 

.9 

X 

10 

-5 

3 

.3 

X 

10- 

-5 

3 

.5 

X 

10 

-5 

7 

.5 

X 

10 

-6 

6 

.5 

X 

10 

-6 

Ki 


1.05  X  10 

1.55  X  10 

4.55  X  10 
1.70  X  103 
1.78  X  103 
2.50  X  103 
2.90  X  103 
2.90  X  103 

3.15  X  103 

4.15  X  103 
4.57  X  103 
1.03  X  104 
2.67  X  104 
3.00  X  104 
2.95  X  104 
1.36  X  105 

1.56  X  105 


The  fluorescence  spectrum  does  not  change  significantly  with  progres¬ 
sive  activation.  At  least,  in  benzene-water  mixtures  the  positions  of  the 
Zo  band  peaks  are  the  same  at  F/F.  =  0.2,  0.8  and  1.0.  As  described 
earlier  the  absorption  spectrum  of  chlorophyll  docs  change  wi  increasing 
admSure  oVthe  activator  (cf.  fig.  21.26, A  and  B).  The  absorption  spec- 
tmm  of  a  fully  activated  solution,  although  it  is  different  from  that  of  the 
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nonactivated  one,  is  independent  of  the  nature  of  the  activator,  and  beai  s 
no  relation  to  the  absorption  spectrum  of  chlorophyll  in  pure  activator. 

The  fluorescence  of  activated  solutions  is  quenched  by  rising  tempera¬ 
ture  (15-70°  C.),  particularly  strongly  in  the  region  of  partial  activation. 
The  maximum  intensity,  Fo,  is  a  linear  function  of  temperature  over  a 
comparatively  wide  range  (a  similar  relationship  was  found  also  by  Zscheile 
and  Harris,  1943).  In  partly  activated  solutions,  the  temperature  curve 
is  not  only  steeper  than  in  fully  activated  ones,  but  also  shows — with  some 
activators  at  least — a  definite  curvature. 

The  concentration  of  the  strongest  known  activators,  required  to  achieve 
complete  activation,  is  of  the  same  order  of  magnitude  as  that  of  chloro¬ 
phyll  itself,  which  in  the  experiments  of  Livingston  et  al.  was  5  X  10-6 
mole/1.  This  shows  that  the  effect  cannot  be  due  to  kinetic  encounters 
between  chlorophyll  and  activator  (which  are  too  rare  at  such  low  concen¬ 
trations)  ;  nor  can  it  be  ascribed  to  a  change  in  properties  (such  as  dielec¬ 
tric  constant)  of  the  solvent  as  a  whole.  Rather,  the  effect  must  be  caused 
by  the  association  of  chlorophyll  molecules  with  the  molecules  of  the  activa¬ 
tor.  The  change  in  absorption  spectrum  supports  this  assumption.  If  the 
nonassociated  form  is  totally  nonfluorescent,  the  intensity  of  fluorescence 
can  be  used  to  calculate  the  proportion  of  chlorophyll  molecules  in  the  as¬ 
sociated  form— assuming  that  the  absorption  coefficient  of  associated 
chloiophyll  is  the  same  as  that  of  the  nonassociated  pigment.  Figure 
21. 26. A  shows  that  this  is  not  quite  true  for  chlorophyll  a  at  436  m/x;  but 
Livingston  neglected  this  difference.  Assuming  a  one-to-one  complex 
[Chi Ac ]  the  equilibrium  constant  of  association: 


K  =  [ChlAc] 
[Chi]  [Ac] 


(23.4A) 

can  be  calculated  from  the  half-activating  concentration  [Ac]./,: 

(23.4B)  [ChlAc  1  =  ^  [Chi  ]0  [Ac  ]o 

1  +  K  [Ac]0 

(23.4C) 


=  K  [Ac]o 
/'o  1  +  A'[Ac]o 


(23.4D) 


K  = 


1 


[Ac] 


'A 


1STS-  ;q  (i7cl12)- .  T1;;s;s  a  s™plified  soluti0"’ «*  A- 

activator  bound  in  tl  *]  *■  "°K  S’  4  assumes  that  the  amount  of 

added  to  obtain  aetiraLT“^n  Tahr^'in™^  l°  th®  ^  amount 
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at  the  bottom  of  lable  23. II A.  In  this  case  the  approximate  equation 
(23. 4D)  should  be  replaced  by  the  exact  equation: 


(23.4E) 


[Ac]I/t 


1 

0.5  [Chi  ]o 


Livingston  used,  however,  the  simplified  equation  for  all  the  systems 
studied  by  him.  Furthermore,  he  calculated  the  constants  K,  not  from 
the  value  of  [Ac],/,,  but  from  the  average  slope  of  the  activation  curve. 
He  obtained  in  this  way  the  K-values  given  in  Table  23.IIIA,  which  differ 
somewhat  (although  not  in  the  order  of  magnitude)  from  values  that  could 
be  calculated  by  means  of  equation  (23. 4E).  (For  example,  the  latter 
would  give,  for  piperidine,  K  =  2.2  X  105,  instead  of  1.6  X  105). 

Deviations  from  straight  line  in  the  plot  of  log  [(F0/F)  —  1]  against 
[Ac]o  were  noted  by  Livingston  and  co-workers  at  low  concentrations  of 
the  activator,  and  were  ascribed  by  them  to  the  presence  of  an  “adventi¬ 
tious”  activator,  Ac'  (probably  water).  They  held  the  latter  responsible 
for  the  weak  fluorescence  still  noticeable  even  at  [Ac]o  =  0  {e.  g.,  F  =  0.03F0 
in  purest  benzene).  By  using  the  same  assumptions  as  before  (achiAc  = 
«Chi  for  excitation  light  and  [Ac']0  »  [ChlAc']),  and  assuming  the  adventi¬ 
tious  activator  to  be  water,  Livingston  and  co-workers  obtained  theoretical 
curves  fitting  well  the  experimental  results. 

From  the  equilibrium  constant  K  and  its  change  with  temperature, 
values  of  A F,  A H  and  AS  were  calculated  for  three  systems  shown  in 
Table  23.IIIB. 


Table  23.IIIB 

Thermodynamic  Constants  for  the  Association  of  Chlorophyll  a 


with  “Activators”  in  Benzene 


Activator 

AFo, 

kcal./mole 

A  H, 

kcal./mole 

ASo, 

E.U. 

Heptylamine . 

-7.1 

-6.0 

3.3 

Cetyl  alcohol . 

-5.0 

—  2.5 

5  0 

Aniline . 

-2.3 

-1.5 

2.7 

Since  F0  seems  to  be  independent  of  the  nature  of  the  activator,  Li\  ings- 
ton  suggested  that  the  essential  effect  of  association  is  isomerization  (or, 
rather  tautomerization)  of  chlorophyll,  «.  g.,  conversion  of  the  keto  form 
into  an  enol.  If— as  assumed  by  Livingston— this  is  the  transformation 
discussed  in  Volume  I,  page  459,  allomerized  chlorophyll  should  be  inca¬ 
pable  of  it,  and  should  therefore  remain  fluorescent  in  pure  hydrocarbons. 

This  consequence  remains  to  be  tested. 

Livingston  attributed  the  postulated  stabilization  of  the  keto  form  by 
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alcohols  and  amines  to  the  formation  of  hydrogen  bonds  with  the  amino  or 
hydroxy  group,  shown  in  formula  23.1. 


H  H 


Chelated  Enol  Form 
(nonfluorescent,  stable 
in  pure  hydrocarbons) 


Keto  Form 
(unstabilized) 


Stabilized  Keto  Form 
(fluorescent,  stable  in  the 
presence  of  amine  or  alcohol) 


Formula  23. 1.  Tautomerization  and  fluorescence  of  chlorophyll  (after  Livingston, 

Watson  and  McArdle,  1949). 

The  fluorescence  of  ethereal  chlorophyll  solutions  is  not  covered  by  this 
hypothesis,  and  further  experiments  are  needed  to  show  whether  this 
fluorescence  would  persist  upon  more  stringent  purification.  As  an  alterna- 
tive  explanation  of  the  phenomenon  of  activation,  Livingston  considered 
the  possibility  that  chlorophyll  forms  nonfluorescent  dimers  in  pure  hydro- 
caibons,  and  that  these  dimers  are  dissociated  into  fluorescent  monomers 
b\  association  with  polar  molecules.  If  this  were  the  case,  however,  one 
would  expect  the  extent  of  activation  to  depend  on  concentration  of  chloro¬ 
phyll,  while  a  few  admittedly  preliminary — experiments  showed  no  dif¬ 
ference  in  the  values  of  F/F0  between  partially  activated  chlorophyll  solu¬ 
tions  m  benzene  containing  4.8  X  10 ~5,  1.5  X  10  ~4  and  2.3  X  10~4  mole/1 
chlorophyll,  respectively. 


Observations  bearing  obvious  relation  to  those  of  Livingston  and 
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last  hypothesis  is  supported  by  the  observation  that  polar  molecules  do 
not  affect  the  absorption  spectrum  and  fluorescence  of  pheophytin ;  even 
more  convincing  is  the  fact  that  a  similar  difference  in  behavior  occurs 
between  phthalocyanine  and  its  magnesium  complex,  although  these 
compounds  contain  no  cyciopentanone  structure,  so  that  Livingston’s 
interpretation  cannot  be  applied  to  them. 


5.  Influence  of  Concentration  on  Yield  of  Fluorescence.  Self- 
Quenching.  Fluorescence  of  Chlorophyll  in  Colloids  and  Adsorbates 


The  self-quenching  of  fluorescence  in  chlorophyll  solutions  was  studied 
by  Weiss  and  Weil-Malherbe  (1944).  They  found  that  with  a  constant 
intensity  of  illumination,  the  intensity  of  fluorescence  of  an  ethyl  chloro- 
phyllide  solution  in  ethanol  increased  with  increased  concentration,  be¬ 
tween  1  X  10-7  and  1  X  10~5  mole/1.,  due  to  increased  absorption.  The 
latter  became  practically  complete  above  1  X  10 -5  mole/1.;  instead  of  be¬ 
coming  constant  from  there  on,  the  fluorescence  intensity  declined  rapidly, 
dropping  at  1  X  10 -4  mole/1,  to  one  sixth  of  its  maximum  value.  Six 
points  were  measured  between  [Chi]  =  2  X  10-5  and  1  X  10~4  mole/1., 
and  found  to  lie  on  a  hyperbola: 


(23.5) 


F  =  C/(  1  +  A;  [Chi] ) 


where  F  is  fluorescence  intensity  and  k  and  C  are  constants.  The  constant 
k  was  evaluated  graphically  and  k  =  2  X  105  sec.  1  was  found.  ]\ faking 
the— unjustified— assumption  that  the  intensity  of  fluorescence  is  limited 
exclusively  by  self-quenching,  one  can  easily  show  ( cf .  equations  on  page 
546,  Vol.  I)  that  the  constant  k  has  the  meaning: 

(23.6)  k  =  kjkf 

where  kc  is  the  bimolecular  rate  constant  of  self-quenching: 


(23.7) 


Chi  +  Chi* 


->  Chl2  (- 


->  2  Chi) 


and  kj  the  monomolecular  rate  constant  of  fluorescence 


(23.8) 


Chb 


->  Chi  +  hv 


The  reciprocal,  1/Ay,  is  the  average  life-time  of  the  excited  molecule 
when  limited  only  by  fluorescence.  According  to  page  1)34  Ay  - 

-  i  .  1  *  * _  «  ..^1  .  n  rr  +  rv  (\  I  * 


sec. 


-i . 


with  k  =  2  X  105  sec.-1,  this  gives,  according  to  (23.6): 


(23.9) 


ke  —  2  X  1012  sec-  1 


This  calculation  is  based  on  the  assumption  that  reaction  (23.7)  s  the 
only  one  that  limits  the  yield  of  fluorescence.  However  equation  (23.5) 
would  remain  correct,  i.  e.,  self-quenching  would  follow  a  hyperbolic  cuive, 
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also  if  fluorescence  were  competing,  not  only  with  the  bimolecular  reaction 
(23.7),  but  also  with  one  (or  several)  monomolecular  (or  pseudomonomolec- 
ular)  transformations  of  the  excited  molecule,  such  as  energy  dissipation  by 
internal  conversion,  or  tautomerization,  or  a  reaction  with  the  solvent. 
In  this  case,  the  constant  k  in  (23.5),  instead  of  meaning  (23.6),  would  have 
the  meaning  (23.10): 

(23.10)  k  =  ke/(kf  +  kd) 

where  kd  is  the  monomolecular  rate  constant  of  the  competing  energy- 
dissipating  process  (or  processes),  (corresponding  to  the  sum  /c,  +  kt, 
internal  conversion  plus  tautomerization,  in  equation  19.5  in  Vol.  I,  page 
546). 

Furthermore,  in  this  case,  the  constant  C  would  not  be  equal  to  F0  (the 
fluorescence  intensity  with  quantum  yield  1),  as  assumed  by  Weiss  and 
Weil-Malherbe,  but  would  have  the  meaning: 

(23.11)  C  =  Fokf/(k,  +  kd ) 


With  the  assumption  C  =  F0,  the  data  of  Weiss  and  Weil-Malherbe  indi¬ 
cate  a  yield  of  fluorescence  (<p  =  F/F0  =  F/C)  of  4%  at  1  X  10  ~4  mole/1, 
and  21%  at  2  X  10^5  mole/1,  (and,  of  course,  100%  at  infinite  dilution); 
but  since  no  check  was  made  by  an  experimental  determination  of  F0,  the 
true  value  of  F „  may  have  been  >  C,  i.  e.,  the  quantum  yield  of  fluorescence 
may  have  been  correspondingly  lower  (not  reaching  100%  at  infinite  dilu¬ 
tion). 

Compaiison  of  (23.10)  with  (23.6)  shows  that  by  correcting  the  deriva¬ 
tions  of  Weiss  and  Weil-Malherbe  for  the  possibility  of  internal  conversion 
or  other  monomolecular  deactivation  processes,  one  would  obtain,  from 
their  value  of  k,  a  value  of  kc  even  larger  than  the  one  given  in  (23.9) : 

(23.  t2)  Arc  >  2  X  1012 


Ihe  extraordinarily  large  value  of  this  bimolecular  rate  constant  makes  one 
skeptical  about  the  correctness  of  Weiss  and  Weil-Malherbe’s  experiments 
or,  at  least,  of  their  interpretation.  Assuming  that  Chi*  is  deactivated  by 
ie  first  encounter  with  Chi— which  is  not  implausible— the  above  value 

mole/]1)68  f°r  h<!  aVeragt>  mtCTVal  betWeen  two  “wunters  (at  [Chi]  =  1 


(23.13) 


(  =  5X  10-3  sec. 


This  is  at  least  one  whole  order  of  magnitude  less  than  can  be  estimated 
molecular  collision  7rT  determirwd^b^'u^rate  of  diffusion  ^h^^br^n^the^moleculea 
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together  in  an  “encounter”)  rather  than  by  the  frequency  of  collisions.  The  distinction 
between  encounters  (or  “co-ordinations”)  and  collisions,  and  its  importance  for  reaction 
kinetics  of  condensed  systems  was  discussed  by  Rabino witch  (1937). 


The  unusual  magnitude  of  the  constant  (23.12)  is  illustrated  by  the 
fact  that  for  nine  other  dyes,  investigated  by  the  same  authors,  the  self- 
quenching  constants  were  at  least  2000  times  smaller  (and  thus  of  the 
order  of  magnitude  to  be  expected  from  diffusion  constants). 

It  seemed  thus  that  the  conclusions  of  Weiss  and  Weil-Malherbe  were 
in  need  of  confirmation.  Their  results  might  have  been  vitiated  by  self¬ 
absorption  (which  the  authors  dismissed  as  unimportant  “because  there 
was  no  evidence  of  surface  fluorescence”) .  In  their  set-up,  the  fluores¬ 
cent  beam  was  in  line  with  the  (ultraviolet)  exciting  beam — an  arrangement 
that  favors  self-absorption.  Less  mutual  overlapping  of  the  fluorescence 
band  and  absorption  band  may  explain  why  self-absorption  did  not  affect 
equally  strongly  the  results  obtained  with  the  other  nine  dyes. 

That  the  observation  of  Weiss  and  Weil-Malherbe  was  due  to  self¬ 
absorption  was  later  confirmed  by  Livingston  and  co-workers  (1948),  who 
showed  experimentally  that,  if  care  is  taken  to  avoid  self-absorption,  no 
concentration  quenching  of  chlorophyll  fluorescence  can  be  noted  up  to 
1.5  X  10  ~3  mole/1.  Weiss  (1948)  agreed  with  this,  but  stated  that  con¬ 
centration  quenching  does  occur  at  still  higher  concentrations.  Livingston 
and  co-workers  (1948),  using  a  cell  1  mm.  thick,  extended  their  measure¬ 
ments  up  to  0.10  mole/1,  of  chlorophyll  in  butyl  ether  and  found  in  fact  a 
strong  concentration  quenching  above  2  X  10~3  mole/1,  (fig.  23.7);  at 
7  X  10~2  mole/1.,  the  fluorescence  yield  was  only  7%  of  that  in  dilute  solu¬ 
tion.  The  insert  in  fig.  23.7  shows  the  sigmoid  shape  of  the  curve. 

The  absorption  spectrum  of  chlorophyll  a  in  butyl  ether,  measuied  at 
2  X  10  ~2  mole/1,  (a  concentration  at  which  self-quenching  reduces  the 
fluorescence  to  about  40%  of  the  maximum),  appeared  not  to  differ  sig¬ 
nificantly  from  the  spectrum  of  dilute  solution. 

A  further  pertinent  observation  was  that  the  partly  quenched  fluoies- 
cence  of  a  concentrated  chlorophyll  solution  was  more  strongly  depressed 
hy  an  increase  in  temperature  than  the  fluorescence  of  a  dilute  solution. 

These  observations — the  unchanged  absorption  spectrum,  the  Sigmon 
quenching  curve  and  the  enhancing  effect  of  temperature  on  concentration 
Quenching — can  all  be  fitted  into  the  picture  of  quenching  as  the  result  ol 
dissipation  of  excitation  energy  in  a  “weak  link”  in  the  energy  exchange 
chain,  such  as  a  dimeric  molecule  (Forster)  or  a  “hot  mo  ecule  of  he 
monomer  (Franck  and  Livingston).  The  concentration  at  which  the 
quenching  becomes  noticeable  (2  X  10-  mole/1.)  ,s  of  the  same  order  of 
magnitude  as  that  calculated  by  FOrster  for  the  onset  of  the  eneigv 

change  ( cf .  chapter  32). 
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Numerous  observations  are  known  showing  that  the  close  packing  of 
chlorophyll  molecules  in  solid  chlorophyll,  or  in  chlorophyll  monolayers  on 
water,  causes  a  complete  disappearance  of  fluorescence.  Chlorophyll 
colloids  too  are,  as  a  rule,  nonflu  orescent  (Willstatter  and  Stoll  1918; 
Stern  1920,  1921;  Albers  1935;  Meyer  1939).  Meyer  described  certain 
fluorescent  solutions  of  chlorophyll  in  ethanol  as  colloidal,  but  no  rea¬ 
sons  for  this  description  were  given  ( cf .  Smith  1941).  Meyer’s  aqueous 
chlorophyll  colloids,  in  which  the  density  of  the  particles  was  similar  to 
that  in  the  chloroplast  grana,  were  nonfluorescent.  Chlorophyll  is  non- 


Fig.  23.7.  Concentration  quenching  of  fluorescence  of  chlorophyll  a  in  butyl  ether 
(after  Livingston  and  Ke,  1949).  Ordinate,  F/F0.  Abscissa,  [Chi]  in  mole/1. 


fluorescent  also  in  the  adsorbed  state,  e.  g.,  in  starch  columns  used  for 
chromatographic  separation  (Seybold  and  Egle  1940). 

If  vve  attribute  the  nonfluorescence  of  solid,  colloidal  and  adsorbed 
chlorophyll  to  self-quenching,  and  consider  it  a  consequence  of  close  pack¬ 
ing  the  restoration  of  fluorescence  by  certain  “protective”  substances  can 
be  attributed  either  to  simple  dilution  of  the  pigment,  or  to  effective  inter¬ 
ruption  of  the  interaction  between  neighboring  pigment  molecules.  Among 
the  compounds  reportedly  capable  of  protecting  the  fluorescence  of  cliloro 
P  ill,  ue  find  first  of  all  hpults  and  lipophilic  solvents.  Stem  (1920. 
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1921)  found,  foi  example,  that  chlorophyll— lipide  emulsions  in  water  are 
fluorescent,  while  pure  aqueous  chlorophyll  sols  are  not.  The  fluorescence 
of  chlorophyll  colloids  in  the  presence  of  lecithin  was  confirmed  by  Bakker 
(1934).  This  may  be  either  a  true  case  of  protection,  or  merely  a  dilution 
effect,  since  the  concentration  of  chlorophyll  molecules  in  the  lipide  drops 
may  be  lower  than  in  the  particles  of  the  hydrosol. 

Seybold  and  Eglc  (1940)  found  that  chlorophyll  on  filter  paper  is 
fluorescent  only  if  the  solution  from  which  it  was  adsorbed  contained  lipides, 
waxes  or  other  lipophilic  organic  materials.  (They  even  used  the  ab¬ 
sence  of  a  fluorescent  rim  on  a  filter  paper  strip  dipped  into  a  chlorophyll 
solution  as  a  control  of  the  purity  of  both  solution  and  paper.)  Nonflu  ores¬ 
cent  chlorophyll  adsorbates  on  starch  “light  up”  if  they  are  wetted  by  or¬ 
ganic  solvents,  or  if  ether  vapor  is  blown  at  them. 

Wakkie  (1935)  prepared  a  series  of  colloidal  chlorophyll  solutions  (by 
diluting  alcoholic  solutions  with  increasing  amounts  of  water),  with  and 
without  a  lipide  (sodium  oleate).  If  no  oleate  was  added,  the  shift  of  the 
absorption  band  from  660  to  672  m/x  (completed  within  a  narrow  concen¬ 
tration  range,  and  considered  indicative  of  the  transition  from  a  monomole- 
cularly  dispersed  to  an  aggregated  state)  was  accompanied  by  complete 
disappearance  of  fluorescence.  In  the  presence  of  oleate,  the  absorption 
band  began  to  shift  at  the  same  dilution,  but  the  displacement  ceased  at 
670  instead  of  672  mju;  and,  at  the  same  time,  fluorescence  reappeared. 
By  salting  out,  fluorescent,  birefringent  chlorophyll  oleate  coacervates 
could  be  precipitated  from  these  fluorescent  colloidal  solutions. 

From  these  and  similar  observations,  it  appears  that  lipophilic  mole¬ 


cules  can  protect  the  fluorescence  of  chlorophyll  from  self-quenching  even 
without  diluting  the  pigment,  and  without  disrupting  the  chlorophyll- 
protein  or  chlorophyll-cellulose  bond.  One  can  visualize  the  protecting 
molecules  as  enveloping  the  lipophilic  parts  of  the  adsorbed  pigment  mole¬ 
cules  (e.  g.,  in  the  case  of  chlorophyll,  the  phytol  “tails”),  and  thus  inter¬ 
rupting  their  mutual  interaction.  The  “wrapping  up”  of  flexible  parts  of 
the  molecule  may  stiffen  the  latter  and  interfere  with  the  internal  conver¬ 
sion  of  electronic  into  vibrational  energy.  This  stabilization  effect  may 
become  manifest  in  a  single  pigment  molecule,  as  well  as  within  a  complex 
of  several  such  molecules.  In  the  light  of  the  above-described,  more  recent 
experiments  by  Livingston,  one  has  also  to  consider  the  possibility  that 
tautomeric  transformations  from  a  nonfluorescent  into  a  fluorescent  form 
of  chlorophyll  could  be  responsible  (or  coresponsible)  for  effects  of  this  type. 

It  does  not  seem  that  the  association  of  chlorophyll  with  proteins :  can 
in  itself  protect  fluorescence.  Tme,  natural  “chloroplastm  preparations 
apparently  arc  fluorescent.  Although  Smith  (1938)  called  aqueous  chloio- 
phvll-protein  extracts  from  spinach  leaves  “nonfluorescent,  Noack 


quenching  by  admixtures 


/  i  l 


(1927),  Stoll  and  Wiedemann  (1938)  and  Fishman  and  Moyer  (1942) 
found  that  they  fluoresce  weakly,  and  that  fluorescence  is  preserved  also 
in  precipitates  prepared  from  such  extracts  by  salting  out.  Wassink, 
Katz  and  Dorrestein  (1942)  observed  that  the  yield  of  fluorescence  was 
about  the  same  (~0.1%)  in  live  purple  bacteria  and  in  aqueous,  colloidal 
bacteriochlorophyll-protein  suspensions  prepared  from  them.  However, 
chloroplastin  fluorescence  probably  must  be  attributed  to  the  presence  of 
as  much  as  30%  lipophilic  material.  Artificial  complexes  containing  only 
chlorophyll  and  proteins  do  not  fluoresce.  According  to  Noack,  adsorb¬ 
ates  of  chlorophyll  on  globin  sometimes  fluoresce  faintly ;  but  Seybold  and 
Egle  (1940)  suggested — probably  with  justification — that  this  must  be  as¬ 
cribed  to  the  presence  of  impurities  of  a  lipide  nature. 

The  bearing  of  these  results  on  the  problem  of  the  state  of  chlorophyll 
in  the  living  cell  was  discussed  in  chapter  14  (Vol.  I).  It  was  argued  there 
that  the  nonfluorescence  of  pure  chlorophyll  adsorbates  on  proteins  does 
not  prove  Seybold’s  hypothesis  that  the  chlorophyll  fluorescence  in  vivo 
is  caused  by  a  small  fraction  of  chlorophyll  dissolved  in  a  lipide  phase; 
more  probably,  all  chlorophyll  in  the  plants  is  weakly  fluorescent  ( despite 
its  high  density  and  irrespective  of  its  association  with  proteins)  because  of 
its  simultaneous  association  with  protective  substances  such  as  fats  or 
phospholipides  (Hubert,  1935).  Livingston’s  experiments,  (p.  766),  in¬ 
dicate  association  with  “activating”  groups  (such  as  OH,  NH,  or  SH)  as 
another  possible  explanation  of  fluorescence. 


6.  Quenching  and  Activation  of  Chlorophyll  Fluorescence  by  Admixtures 

While  the  limitation  of  chlorophyll  fluorescence  in  pure  solutions  may 
lx1  caused  equally  well  by  physical  dissipation  or  by  photochemical  reac¬ 
tions  (tautomerization  or  reaction  with  the  solvent),  strong  quenching  by 
small  amounts  (<10~3  mole/1.)  of  foreign  substances  must  be  attributed 
to  chemical  interactions,  since  the  rate  of  physical  energy  dissipation  is  not 
likely  to  be  affected  by  the  comparatively  rare  encounters  of  excited  dyestuff 
molecules  with  the  molecules  of  the  “quencher,”  or  by  changes  in  the  aver¬ 
age  properties  of  the  solvent  caused  by  the  presence  of  the  latter.  (An 
exception  may  be  the  case  of  resonance— to  be  discussed  below ) 

As  mentioned  on  page  757,  the  two  most  likely  mechanisms  of  chemical 

feouation8  1“edU°ji0n  (equations  23-D,  and  complex  formation 
(equation  23.2  The  second  one  is  particularly  probable  when  the 

conditio,'  1S  a“°ther  dyestuff  Wlth  overlapping  bands,  so  that  self-quenching 
con  ht.ons  are  close  y  approximated.  In  this  case,  permanent  association 

1C  quencher  with  the  fluorescent  molecule  also  becomes  a  likely  possi- 
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bility  (like  the  permanent  dimerization  discussed  on  page  761).  Study 
of  the  effect  of  the  quencher  on  the  absorption  spectrum  of  the  fluorescent 
material,  and  ol  the  dependence  of  quenching  on  the  concentration  of  the 
quencher,  may  help  to  distinguish  between  “quenching  by  complex  forma¬ 
tion”  and  “quenching  by  kinetic  encounters”;  but,  at  present,  very  few 
such  data  are  available  for  chlorophyll  solutions.  Finally,  in  analogy  to 
the  above-discussed  mechanisms  of  self-quenching  (page  759),  still 
another  possibility  of  quenching  should  exist  when  the  quencher  is  “in 
resonance”  with  the  fluorescent  molecule:  quenching  without  complex 
formation  and  without  kinetic  encounters,  through  transfer  of  excitation 
energy  over  distances  considerably  larger  than  the  collision  diameters. 
If  the  molecules  of  the  quencher  are  nonfluorescent,  they  will  serve  as 
“traps”  in  the  same  way  as  was  postulated  by  Forster  for  the  dimers. 
Vavilov  and  co-workers  (Pekerman  1947,  Vavilov  et  al.  19491,2)  found 
convincing  examples  of  this  type  in  the  quencing  of  dye  fluorescence  by 
resonating  nonfluorescent  dyes.  However,  strong  quenchers  in  Table 
23. IIIC  (p.  782)  certainly  do  not  owe  their  effectiveness  to  a  resonance 
transfer  mechanism.  They  are  all  oxidants  and  this  points  to  chemical 
interaction  rather  than  physical  energy  transfer.  In  the  second  place, 
they  have  no  absorption  bands  in  the  red,  and  are  thus  not  in  resonance 
with  excited  chlorophyll  molecules.  Their  lowest  excited  states  must  be 
considerably  higher  than  the  fluorescent  state  A  of  chlorophyll. 

Among  the  substances  whose  quenching  effect  on  the  fluorescence  ol 
chlorophyll  has  been  investigated  in  some  detail  are  the  reaction  partners 
in  chlorophyll-sensitized  autoxidations— molecular  oxygen  and  oxidation 
substrates  such  as  benzidine,  allyl  thiourea  etc.  Because  of  the  impoitanc e 
of  these  results  for  the  analysis  of  the  mechanism  of  sensitized  autoxidation, 
they  have  already  been  anticipated  in  part  in  Volume  I  ( cf .  chapter  18, 

pages  483  and  518,  and  chapter  19,  page  546). 


The  quenching  action  of  oxygen  on  the  fluorescence  of  different  dyestuffs 
(including  chlorophyll)  was  first  investigated  by  Kautsky  and  co-workers. 
Kautsky  and  Hirsch  (1931)  had  discovered  that  the  fluorescence  of  certain 
dyestuffs  adsorbed  on  silica  gel  is  considerably  weakened  by  oxygen  at  pres- 
uiivdc  nf  hundred  millimeters,  and  that  their  afterglow  (phosphoies- 
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ethanol  is  reduced  under  one  atmosphere  oxygen  by  30-35%  (compared 
with  its  intensity  in  the  absence  of  oxygen).  This  indicates  that  50% 
quenching  must  require  about  two  atmospheres  oxygen,  corresponding  to  a 
concentration  of  about  10-2  mole/1,  (cf.  table  23.IIIC).  Life-time  of  the 
fluorescent  state  of  chlorophyll  in  ethanol  solution  was  estimated  on  page 
634  as  8  X  10~8  sec.  The  average  time  that  an  excited  chlorophyll  mole¬ 
cule  has  available  before  its  first  encounter  with  a  molecule  of  a  solute 
whose  concentration  is  of  the  order  of  10~2  mole/I.  also  is  of  the  order  of 
10 -8  sec.  (No  exact  formulae  for  the  calculation  of  encounter  intervals  in 
solutions  are  available,  but  it  appears  likely  that  these  intervals  are  some¬ 
what — perhaps  10  or  100  times— longer  than  the  collision  intervals  in  gases 
of  the  same  concentration.)  It  thus  seems  that  excited  chlorophyll  mole¬ 
cules  in  the  fluorescent  state  A  undergo  a  quenching  reaction  by  the  very 
first,  or  one  of  the  first,  encounters  with  an  oxygen  molecule. 

The  nature  of  this  interaction  is  not  known,  but  it  is  most  likely  to  be 
the  autoxidation  of  chlorophyll.  A  different  hypothesis  was  suggested  by 
Kautsky  and  maintained  by  him  despite  much  criticism.  According  to  this 
hypothesis,  the  interaction  is  a  bulk  transfer  of  electronic  excitation  energy 
from  Chi*  to  02.  This  concept  originated  in  certain  observations  made  by 
Kautsky  and  de  Bruijn  (1931)  and  by  Kautsky,  de  Bruijn,  Neuwirth  and 
Baumeister  (1933)  in  the  study  of  the  autoxidation  of  leuco  malachite 
green,  adsorbed  on  silica  gel.  They  found  that  this  reaction  can  be  sensi¬ 
tized,  in  an  atmosphere  of  oxygen  of  very  low  pressure  (10 ~4  mm.),  by  the 
dyestuff  tiypaflavine,  adsorbed  on  separate  particles  of  the  gel.  Kautsky  ex¬ 
plained  the  transmission”  of  the  sensitizing  action  across  the  air  gaps  sepa¬ 
rating  the  dyestuff  from  the  acceptor  by  the  assumption  that  excited  dye- 
staff  molecules  transfer  their  energy  to  oxygen  molecules : 

(23-14)  D*  +  02 - >  D  +  02* 


This  process  he  also  made  responsible  for  the  quenching  of  fluorescence. 

nergy  transfer  was  supposed  by  him  to  convert  ordinary  oxygen  into  a 
metastable  active  form,  which  Kautsky  identified  as  the  state  >2,  known 
from  spectroscopic  data  to  be  situated  37.3  kcal/mole  above  the  ground 

SM  u'„AfterJGaffr°n  remarked  that  infrared  excitation  of  bacterio- 

•i(2UJ  rTf  If  kCaI’  Kautsky  (1937)  suggested  that  the  state 

stable  bec^  rt  “  “T  the  Same  p"rPose-  Both  states  are  meta¬ 
stable  because  their  multiplicity  (singlet)  is  different  from  that  of  the 

ground  state  (triplet).  The  same  principle  underlies  Lewis  and  Kasha’s 

t,iPlet  Stat6S  ^  m°leCUleS  with  siugiet 

An  alternative  chemical  explanation  of  the  mechanism  of  quenching 
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by  oxygen  was  suggested  by  Weiss  (1935).  He  postulated  an  autoxidation 
(dehydrogenation)  of  the  dye: 

(23.15)  D*  +  02 - >  H02  +  oD 


(o  signifies  oxidized).  The  radical  H02  can  diffuse  across  air  gaps  and 
cause  the  oxidation  effects  ascribed  by  Kautsky  to  metastable  oxygen 
molecules. 

A  reaction  of  the  type  (23.15)  could  be  responsible  not  only  for  the 
quenching  of  the  fluorescence  of  adsorbed  dyes,  but  also  for  that  of  the 
fluorescence  of  dyestuffs  dissolved  in  organic  solvents.  Since  the  quantum 
yield  of  irreversible  photoxidation  of  chlorophyll  in  pure  organic  solvents 
is  very  low  (Vol.  I,  p.  496),  reaction  (23.15),  if  it  is  responsible  for  quenching, 
must  be  practically  completely  reversible  (at  least  as  far  as  the  chemical 
composition  of  chlorophyll  is  concerned).  The  restoration  of  oxidized 
chlorophyll  may  be  brought  about  either  by  direct  reversal  of  (23.15), 
or — if  the  H02  radicals  are  partly  consumed  by  dismutation  or  side  reac¬ 
tions — by  interaction  with  the  solvent.  In  the  latter  case,  the  net  result 
is  sensitized  autoxidation  of  the  solvent  S: 


(23.16a) 

(23.16b) 

(23.16c) 

(23.16) 


Chl*+  02 - ►  oChl  +  HO* 

oChl  +  S - ►  oS  +  Chi 

HO, - >  h  H,0  +  f  O, 

S  - f  I  O, - »  oS  +  IH,0 


For  the  solvent,  one  may  substitute  an  oxidizable  substrate  e.  g 
benzidine,  or  potassium  iodide— thus  obtaining  a  mechanism  of  chloro¬ 
phyll-sensitized  autoxidation  of  such  substrates.  (This  mechanism  was 
discussed  in  Volume  I,  chapter  18,  cf.  equations  18.33,  and  chapter  19,  cf. 
scheme  19.11;  there,  tautomerization  was  added  as  a  preliminary  step.) 

An  alternative  interpretation  of  sensitized  autoxidation,  also  discussed 
in  Volume  I,  chapter  18  (cf.  equations  18.40),  envisages  a  primary  reaction 
between  excited  chlorophyll  molecules  and  the  oxidation  substrate  (rather 
than  oxygen).  Whenever  this  mechanism  operates,  oxidation  substrates 
should  quench  the  fluorescence  of  chlorophyll  more  effectively  than  does 
oxvgen.  Franck  and  Levi  (1934)  measured  the  quenching  of  chlorophyll 
fluorescence  by  benzidine  and  potassium  iodide.  Their  quenching  curves 
are  not  labeled  and  therefore  do  not  permit  reading  off  the  half-quenching 
concentration,  but  the  authors  state  that  under  the  conditions  c^  Noack 
experiments  on  the  chlorophyll-sensitized  autoxidation  of  benzidine  ( /. 
page  528),  quenching  by  benzidine  must  have  been  many  lines  mor 
L  ?  -  than  that  bv  oxygen.  If  this  is  true,  then  the  mechanism  of  this 
reaction  must  be  different  from  that  of  chlorophyll-sensitized  autoxidation 
of  substrates  such  as  allylthiourea  (cf.  below). 
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Livingston  and  co-workers  (Livingston  1948,  Livingston  and  Ke,  1949) 
made  the  first  systematic  investigation  of  changes  in  the  intensity  of 
chlorophyll  fluorescence,  produced  by  small  admixtures.  They  used 
various  organic  compounds,  certain  salts  and  se\  eral  gases. 

As  long  as  the  fluorescence  remains  the  only  property  measured,  all 
the  observed  changes  can  be  described  as  quenching  (if  fluorescence  be¬ 
comes  weaker)  or  stimulation  (if  fluorescence  becomes  stronger  as  it 
actually  does  upon  addition  of  traces  of  an  alcohol  or  amine  to  a  chlorophyll 
solution  in  dry  hydrocarbon,  or  upon  the  addition  of  iodine  to  an  alcoholic 
solution  of  chlorophyll  b).  It  would  be  best,  however,  to  restrict  the  terms 
“quenching”  and  “stimulation”  to  cases  in  which  the  admixture  does  not 
affect  the  composition  or  state  of  the  light-absorbing  molecules  in  the 
dark,  but  acts  only  on  molecules  which  have  been  excited  by  the  absorption 
of  light.  We  may  refer  to  these  phenomena  as  “true  quenching”  (or 
“true  stimulation” — if  the  latter  does  exist  at  all,  which  is  doubtful). 
True  quenching  can  be  due  to  physical  or  chemical  processes.  In  the  first 
case  ( physical  quenching ),  kinetic  encounters  of  light-excited,  fluorescent 
molecules  with  the  molecules  of  the  quencher,  or  mutual  proximity  of  these 
molecules,  lead  to  accelerated  conversion  of  electronic  excitation  energy  into 
vibrational  energy  and,  ultimately,  into  heat.  The  accelerated  dissipa¬ 
tion  can  occur  within  the  excited  molecule  itself  (because  its  configuration 
or  charge  distribution  change  under  the  influence  of  the  quencher),  or  in  a 
complex  formed  by  the  excited  molecule  and  the  quencher,  or  even  within 
the  quencher  molecule  alone — which  in  this  case,  must  first  take  over  the 
electronic  excitation  energy  “in  bulk”  and  then  dissipate  it,  by  internal 
conversion  to  vibrational  energy.  (It  is  also  possible  for  this  energy  to  be 
re-emitted  by  the  quencher  as  sensitized  fluorescence.)  In  the  second 
case  ( chemical  quenching ),  either  the  excited  molecule  or  the  molecule  of 
the  quencher  (or  both)  are  changed  chemically  in  the  process  of  quenching. 
In  this  case,  a  kinetic  encounter  of  the  two  molecules  is  needed.  If  the 
photochemical  reaction  responsible  for  quenching  is  completely  reversible 
by  a  dark  reaction,  the  net  result  is  the  same  as  in  physical  quenching — 
conversion  of  light  energy  into  heat.  Otherwise,  a  net  photochemical 
change  remains;  and  only  if  this  change  does  not  involve  the  fluorescent 

species  is  a  steady  yield  of  fluorescence  observable  in  the  presence  of  the 
quencher. 


Contrasted  to  tme  quenching  can  be  the  changes  in  the  yield  of  fluores- 
cence  which  are  caused  by  alterations  in  the  composition  or  structure  of 
e  light-absorbing  molecules  produced  by  the  addition  of  the  admixture. 
(All  cases  of  stimulation”  probably  belong  to  this  class.)  These  processes 

spectn,mSofT1Sheidtfr0m  qUenchinS  h*  the  fact  that  the  absorption 
spectrum  of  the  solution  also  is  changed  by  the  presence  of  the  quencher 


782 


FLUORESCENCE  OF  PIGMENTS  IN  VITRO 


CHAP.  23 


(or  stimulant).  1  he  absorption  changes  may  be  major  or  minor,  depending 
on  the  character  of  the  interaction  (complexing,  tautomerization,  dissocia¬ 
tion,  oxidation,  reduction,  etc.),  but  should  never  be  entirely  absent. 
Furthermore,  chemical  changes  in  the  dark  will  often  (albeit  not  always) 
proceed  at  a  measurable  rate,  thus  causing  the  yield  of  fluorescence  to 
depend  on  the  length  of  time  between  the  preparation  of  the  mixture  and 
the  illumination.  Finally,  the  dependence  of  quenching  on  the  concentra¬ 
tion  of  the  quencher  should  be  different  in  the  case  when  the  absorbing 
molecule  and  the  quencher  combine  (or  react)  in  the  dark  than  when  they 
interact  only  after  the  absorption  of  light. 


Table  23.IIIC 


Quenching  Data  for  Chlorophyll  a  in  Methanol,  Ethanol  and 
Acetone  (after  Livingston  and  Ke,  1949) 


Quencher 


Chloranil . 

Quinone . 

U  U 

Methyl  red . 

Trinitrotoluene . 

U  H 

m-Dinitrobenzene . 

u  a 

Duroquinone . 

/3-Nitroso-a-naphthol. . . 

/3-Nitrostyrene . 

Nitric  oxide . 

/?-Nitro-j3-  methylstyrene 

Oxygen . 

Nitrobenzene . 

/3-Nitro-/3, 7-hexene . 

o-Aminophenol . 

Phenylhydrazine . 

H  U 

Dimethylaniline . 

2-Phenyl-3-nitrobicyclo- 

[  1,2,2  J-heptene-5 . 

2,6-Diaminopyridine - 


Solvent 

X  (exeit.),  m#i 

[Q1  t/j  ° 
mole/1. 

Me2CO 

645 

0.0050 

175 

Me2CO 

645 

0.0081 

143 

MeOH 

645 

0.0096 

120 

MeOH 

645 

(0.0088) 

101 

MeOH 

645 

0.0100 

90 

MeOH 

435.8 

0.0098 

113 

MeOH 

645 

0.0122 

68 

MeOH 

435.8 

0.0110 

77 

MeOH 

645 

0.0116 

81 

MeOH 

645 

0.0140 

62 

MeOH 

435.8 

0.0170 

59 

EtOH 

435.8 

(0.0178) 

43 

MeOH 

435.8 

0.022 

41 

EtOH 

435.8 

(0.023) 

35 

MeOH 

435.8 

0.034 

36 

MeOH 

435.8 

0.064 

12 

MeOH 

435.8 

0.138 

7.2 

Et20 

435.8 

0.151 

8.4 

MeOH 

435.8 

0.31 

3.7 

MeOH 

435.8 

(0.42) 

2.4 

MeOH 

435.8 

(0.61) 

1.6 

MeOH 

435.8 

(0.62) 

1.4 

«  Half-quenching  concentration.  &  Cf.  equation  23.16C,  p.  785 


These  general  considerations  should  be  kept  in  mind  in  the  evaluation 
of  the  results  of  quenching  experiments.  They  make  it  particu  ar  y  im- 
portant  that  measurements  of  the  intensity  of  fluorescence  be  combmed 
With  measurements  of  the  absorption  spectrum  (and  if  possible,  also 
fluorescence  spectrum)  of  the  light-absorbing  species. 
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The  experiments  of  Livingston  and  Ke  (1949)  dealt  largely  with  what 
appears  to  be  true  chemical  quenching :  changes  due  to  reversible  reactions 
of  excited  chlorophyll  molecules  with  certain  organic  and  a  few  inorganic 
molecules.  In  some  cases,  at  least,  this  interpretation  was  confirmed  by 
observations  of  the  constancy  of  the  absorption  spectrum,  and  by  the  in¬ 
stantaneous  character  of  the  change. 


Table  23.TIID 

Nonquenchers  of  Chlorophyll  Fluorescence  in  Methanol,  Ethanol  or  Acetone" 

(after  Livingston  and  Ke,  1949)  _ 


Reagent  Solvent 

Nitropropane .  MeOH 

Nitropropane .  MeOH 

Butyl  nitrate .  MeOH 

Butyl  nitrite .  Me2CO 

Phenylhydroxylamine .  MeOH 

Phenylhydroxvlamine .  MeOH 

Aniline .  Et2OH 

Hydrazine .  Me2CO 

Urethan .  Me2CO 

Thiourea .  Me2CO 

2-Aminopyridine .  MeOH 

Phenylurea .  MeOH 

Urea .  MeOH 

Guanidine  carbonate .  MeOH 

Phenol .  MeOH 

Hydroquinonefc .  Me2CO 

Phenolpht.halein .  MeOH 

Dimethylglyoxime .  MeOH 

/er/-Hexylmercaptan .  MeOH 

Benzaldehvde .  MeOH 

Benzoic  acid .  Me-CO 

Camphor .  MeOH 

Boric  acid .  MeOH 

Sodium  methoxide .  MeOH 

Sodium  cyanide .  MeOH 

Sodium  oxide .  MeOH 

Nitrous  oxide .  EtOH 

Carbon  dioxide . .  EtOH 

Carbon  monoxide .  MeOH 

Potassium  thiocyanate .  MeOH 

Potassium  thiocyanate . *  Me2CO 

a  Other  nonquenchers:  ascorbic  acid; 

1948);  allylthiourea  (c/.  nage  789 ) 


Ml.  m./h 

0.09 
0.2 
0.9 
0 . 138 
0.021 
0.07 
0.16 
1.05 
0.07 
0.02 
0.08 
0.05 
0.19 
(Satd.) 
0.09 
0.03 
0.04 
0.07 
0.11 
0.38 
0.08 
0.15 
(Satd.) 
0.05 
0.15 
0.11 

(605  mm.) 

(576  mm.) 

(640  mm.) 
0.05 
0.004 


Fo/F 

1.00 
1.02 
1.02 
1  01 
1  .02 
1.05 
1.02 
1.0 
1.0 
1.0 
1.00 
1 .01 
1.00 
1.0 
1.0 
1.0 
1.0 
1.0 
1.00 
1.0 
1.0 
1.0 
1 .00 
1.0 
1.01 
1.0 
1.0 
1.0 
1.00 
1.02 
0.92 


alkali  iodide  (Evstigneev  and  Krasnovsky, 

nnn  Tfhe  measurements  of  Evstigneev  and  Krasnovsky  (1948)  indicate  that  hvdrociuin- 
one  at  much  higher  concentrations  has  some  quenching  action,  but  is  less  efficient^han 
2-d laminopyridi ne,  the  weakest  quencher  in  Table  23.IIIC.  emcient  ttian 


Livingston  and  Ko  used  a  1.2  X  l<)-‘  molar  solution  of  chlorophyll  a 
in  methanol,  ethanol,  ether  or  acetone,  which  they  excited  by  the  mercury 
me  435.8  m m,  or  by  a  red  band  centered  at  645  ra».  Tables  23.IIIC  and 

m,e„r  [penciling  was  similar  for  both  types  of  excitation.  The 
quenchers  are  listed  in  the  first  table  in  order  of  declining  efficiency;  it  is 
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clear  that  oxidants  (quinones,  diazo  dyes,  nitro  and  nitroso  compounds,  and 
oxygen)  are  strong  quenchers,  while  redudants  (such  as  amines)  are  at  best 
only  weak  quenchers.  Among  compounds  listed  in  Table  23.IIID,  only 
phenylhydroxyamine  showed  any  measurable  quenching  at  all,  at  concen¬ 
trations  up  to  0.1  mole/1.  See  also  footnote  b  to  Table  23. IIID. 


Fig.  23.8.  Quenching  of  fluorescence  of  chlorophyll  a  in  methanol  by  different 
quenchers  (after  Livingston  and  Ke,  1949).  For  convenience,  a  separate 'zero  point  of 
ordinates  is  used  for  each  compound.  Each  curve  begins  with  F0/F  =  1.  1,  chlorand;  2, 

methyl  red;  3,  quinonc;  4,  trinitrotoluene;  5,  duroquinone;  6,  m-dinitrobenzenc; 
7,  /3-nitroso-a-naphthol ;  8,  /3-nitrostyrene;  9,  nitric  oxide;  10,  nitric  oxide;  11,  oxy¬ 
gen.  Dotted  lines,  empirical;  broken  lines,  eqs.  (23.1b-c). 

As  shown  by  figure  23.8,  where  F0/F  is  plotted  as  function  of  [Q]  for  a 
number  of  true  quenchers,  the  quenching  follows  approximately  the  Stera- 
Volmer  equation  (eq.  23.16B),  which  we  have  repeatedly  used  before.  (It 
applies  to  all  cases  of  competition  between  a  monomolecular  process  such 
as  fluorescence,  and  a  bimolecular  process,  such  as  quenching,  by  kinetic 

encounters) : 


(23.  IGA) 
(23.1GB) 


F  =  /'  o/(l  T  k  101) 
Fo/F  =  1  +  k[Q  1 


or 
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However,  deviations  from  the  linear  relation  required  by  equation  (23. 16B) 
do  occur,  particularly  at  the  higher  values  of  [Q]  (fig.  23.8).  Livingston 
and  Ke  obtained  a  better  approximation  by  using  an  empirically  generalized 

equation : 

(23-16C)  F  =  1  +tbI[Ql°+fa[gIi 


The  broken  lines  in  figure  23.8  show  how  this  equation  can  be  made  to  fit 
the  data.  The  values  of  h  are  given  in  Table  23.IIIC.  Livingston  com¬ 
pared  the  empirical  two-constant  equation  (23. IOC)  with  a  theoretical 
equation  of  Vavilov  and  Frank: 


(23. 1(>D) 


e\Q\»  +  (AT/V)[Q\ 


Here,  the  first  exponential  term  in  the  denominator  represents  “static 
quenching,”  i.  e.,  quenching  determined  by  average  distance  between 
quencher  and  fluorescent  molecule  (p  =  effective  radius  of  energy  ex¬ 
change).  The  second  term  accounts  for  “kinetic  quenching”  ( A  =  const., 
rj  —  viscosity  of  the  medium).  Quenching  by  resonance  exchange  of 
energy  is  a  possible  mechanism  of  static  quenching;  chemical  reaction 
by  the  first,  or  one  of  the  first,  kinetic  encounters  (the  frequency  of  which 
is  determined  by  the  rate  of  diffusion,  and  thus  indirectly  by  viscosity), 
can  be  suggested  as  one  mechanism  of  “kinetic”  quenching. 

Developing  the  exponential  in  (23.16D)  and  retaining  only  the  first 
term,  one  can  obtain  an  equation  of  the  type  (23.16C).  Livingston  and  Ke 
calculated  from  their  empirical  constants  (kx  and  k2)  the  “action  radii”,  p 
for  different  quenchers,  and  obtained  values  between  23  and  7  A — which 
they  considered  as  plausible  in  view  of  Forster’s  calculations  of  the  range 
of  energy  exchange  (chap.  32).  However,  Forster’s  calculations  were  for 
the  case  of  resonance  between  the  two  molecules  taking  part  in  the  energy 
exchange,  while  the  molecules  listed  in  Table  23.IIIC  have  no  absorption 
bands  which  could  resonate  with  the  red  fluorescence  band  of  chlorophyll. 
Therefore,  no  exchange  of  excitation  energy  over  distances  wider  than  a 
molecular  collision  diameter  appears  possible — unless  one  resorts  to  theo- 
letically  feasible,  but  experimentally  as  yet  unsupported  hypotheses. 


Resonance  between  two  separately  “prohibited ’’-and  therefore  spectroscopically 
unknown  transitions,  one  in  the  excited  molecule  and  one  in  the  quencher,  which  be¬ 
come  permitted’  by  bemg  coupled  together,  was  suggested  by  Rollefson-  the  total 

if  «•  -lecule  goes  from  a  tripletTnio  7. Ii££ 
state,  while  the  other  simultaneously  undergoes  a  reverse  change. 

Testing  equation  (23.16D)  by  comparing  quenching  efficiencies  in  dif- 
icnt  solvents  did  not  give  satisfactory  results.  For  example,  the  kx 
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values  obtained  with  nitrophenol  and  chlorophyll  a,  in  a  series  of  alcohols 
(from  methanol  to  octanol),  were  not  inversely  proportional  to  the  viscosi¬ 
ties  of  these  solvents.  This  may  mean  that,  although  ki  is  a  measure  of 
the  probability  of  quenching  by  kinetic  encounters,  the  frequency  of  such 
encounters  is  not  the  simple  function  of  viscosity  assumed  in  eq.  23.16D. 

Livingston  and  Ke  found  that  the  absorption  spectrum  of  chlorophyll  a 
was  not  markedly  affected  by  the  presence  of  even  a  large  amount  of  the 
strongest  quenchers  listed  in  Table  23.IIIC  (e.  g.,  0.3  mole/1,  of  C6H5N02), 
thus  indicating  that  quenching  was  not  due  to  a  preliminary  dark  chemical 
reaction — such  as  complex  formation — between  chlorophyll  a  and  the 
quencher. 

The  considerable  effect,  which  the  comparatively  weak  quencher, 
phenylhydrazine,  has  on  the  absorption  spectrum  of  chlorophyll  b,  was 
noted  before  (chapter  21,  page  649);  no  similar  effect  was  observed  with 
chlorophyll  a. 

Reversibility  of  quenching  could  be  conclusively  proved  only  for  the 
gaseous  quencher,  oxygen,  since  it  could  be  easily  removed.  (It  will  be 
recalled  in  this  connection  that  the  fluorescence  of  allomerized  chlorophyll  a 
in  methanol  is  only  about  one-half  as  intense  as  that  of  the  original  solu¬ 
tion;  in  other  words,  a  slow  irreversible  change  is  superimposed  on  the 
reversible  quenching  by  oxygen.)  Dilution  experiments  with  one  weak 
organic  quencher,  phenylhydrazine,  indicated  that  quenching  probably  is 
reversible  in  this  case,  too. 

Franck  and  Livingston  (1941)  had  discussed  the  possible  existence  of  a  residual 
fluorescence  which  could  not  be  further  reduced  by  quenchers.  (Such  a  “nonquench- 
able”  fluorescence  is  to  be  expected  if  the  electronically  excited  molecule  requires  a  cer¬ 
tain  time  to  assume  the  configuration  suitable  for  chemical  quenching;  the  fraction  of 
total  fluorescence,  emitted  between  excitation  and  the  attainment  of  this  configuration, 
would  then  be  “unquenchable”.)  In  the  system  (chlorophyll  a  in  CH3OH  +  nitro¬ 
benzene)  a  weak  fluorescence  appeared  even  in  a4M  solution  of  the  quencher;  however 
it  was  too  weak  (F  =  0.003F0)  to  consider  it  as  a  definite  confirmation  of  this  prediction. 


Whatever  the  interpretation  of  the  quadratic  term  in  the  denominator 
(23.160.  the  large  values  of  the  linear  term  found  with  oxidiz- 
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dants  can  be  attributed,  with  a  fair  degree  of  certainty,  to  a  (reversible) 
oxidation  of  the  excited  chlorophyll  molecule  by  the  quencher  perhaps 
the  same  reaction  which  causes  the  reversible  bleaching  of  chlorophyll  in 
light  (Vol.  I,  page  48G,  and  chapter  35).  Thus,  quenching  experiments 
confirm  the  repeatedly  noted  capacity  of  chlorophyll  to  serve  as  a  photo¬ 
chemical  reductant.  (In  chapter  35,  we  will  present  evidence  that  it  can 


act  also  as  a  photochemical  oxidant.) 

Some  of  the  effects  described  by  Livingston  (1948)  clearly  belong  to  a 
different  type — which  we  may  call  “pseudo-quenching.”  These  are 
fluorescence  changes  caused  by  chemical  reactions  between  nonexcited 
chlorophyll  molecules  and  the  quencher  (or  stimulant).  The  most  striking 
results  of  this  type  were  obtained  with  iodine.  When  traces  of  iodine  were 
added  to  a  solution  of  chlorophyll,  fluorescence  began  to  change  gradually; 
minutes  or  even  hours  were  needed  to  reach  a  steady  state.  This  points  to 
a  slow  chemical  conversion  of  chlorophyll  to  a  compound  with  a  different 
capacity  for  fluorescence.  Probably,  the  reaction  is  an  irreversible  oxida¬ 
tion;  perhaps,  preceded  by  transient  complex  formation.  As  discussed 
elsewhere  ( cf .  page  613),  the  product  appears  to  be  similar  to  (or  identical 
with)  allomerized  chlorophyll,  as  obtained  by  slow  oxidation  of  alcoholic 
chlorophyll  solutions  in  air.  According  to  Fischer  (cf.  Vol.  I,  page  459),  this 
is  chlorophyll  oxidized  at  carbon  atom  10.  Similar  to  allomerization  in  air, 
the  reaction  with  iodine  (and  a  similar  one  with  bromine)  occurs  only  in 
alcoholic  solution  (methanol  or  ethanol)  but  not  in  ether  or  carbon  tetra¬ 


chloride.  In  the  case  of  chlorophyll  a,  the  final  product  has  about  55% 
of  the  fluorescence  intensity  of  the  nonallomerized  solution;  in  the  case  of 
chlorophyll  6,  it  fluoresces  twice  as  strongly  as  the  initial  compound. 

Admixture  of  carbon  tetrachloride  to  methanol  lengthens  the  time 
needed  to  complete  the  allomerization  by  iodine,  from  about  5  minutes  for 
chlorophyll  a  in  pure  methanol,  to  over  an  hour  in  a  mixture  of  eaual  mrts 
of  methanol  and  carbon  tetrachloride.  P 

W  ith  chlorophyll  b  in  methanol,  fluorescence  declines  at  first  upon  the 
addition  of  iodine;  but  later  (in  about  30  minutes)  it  begins  to  increase 
again  and  reaches,  after  10-15  hours,  a  steady  level  about  twice  as  high  as 
the  original  one.  With  bromine  and  chlorophyll  b,  the  minimum  is  reached 
faster  (in  about  one  minute),  and  the  high  steady  level  is  approached  in 
abou  an  hour.  The  initial  dip  in  fluorescence  may  be  taken  as  sign  of 
complex  formation  the  subsequent  increase,  as  indication  of  the  conver 
sion  of  chlorophyll  to  the  allomerized  form. 


Higher  amounts  of  iodine,  and  particularly  of  bromine,  quench  the 
uorescence  of  chlorophyll  more  or  less  completely  hy  causim.  n  a 
chemical  change  in  the  chlorophyll  molecule.  '  ’  '  "  g  deeper 

Effects  similar  to  those  caused  by  small  quantities  of  iodine  or  bromine 
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can  be  produced  also  by  small  amounts  of  salts,  such  as  LaCl3  or  CeCl3  in 
the  presence  of  air.  Ihese  salts  probably  catalyze  the  allomerization  of 
chlorophyll  by  air,  with  the  concomitant  changes  in  the  intensity  of  fluores¬ 
cence  (decrease  with  chlorophyll  a,  increase  with  chlorophyll  b ).  These 
catalyzed  reactions,  too,  occur  only  in  alcoholic  solutions.  In  ethereal 
solution,  chlorophyll  a  is  converted  by  LaCl3  into  a  yellow  compound,  and 
all  fluorescence  soon  vanishes. 

Evstigneev  and  Krasnovsky  (1948)  and  Evstigneev,  Gavrilova  and 
Krasnovsky  (19497)  also  have  investigated  the  quenching  of  chlorophyll 
fluorescence  by  several  substances  (see  footnotes  to  Table  23. HID),  in 
particular  by  oxygen.  Their  peculiar  initial  result  already  was  mentioned 
on  page  648:  they  found  the  effect  of  oxygen  to  be  strongly  dependent 
on  the  solvent.  In  polar  solvents — pyridine,  ethanol,  ethyl  acetate, 
acetone  (and  also  in  commercial  benzene) — the  effect  of  oxygen  was  as 
previously  described:  moderately  strong  quenching.  In  nonpolar  sol¬ 
vents — heptane,  toluene,  carbon  tetrachloride — on  the  other  hand,  an 
entirely  different  effect  was  found;  fluorescence  (of  chlorophyll  a  or  a  + 
b )  decreased  upon  removal  of  oxygen  (evacuation  of  the  vessel  by  an  oil 
pump)  by  as  much  as  a  factor  of  two;  it  increased  to  approximately  the 
original  level  after  readmission  of  air.  (The  fact  that  benzene  behaved 
like  a  polar  solvent  probably  was  due  to  an  impurity.)  Repeated  evacua¬ 
tion  and  aeration  produced  a  gradually  weakening  effect— a  result  which 
could  be  attributed  to  superposition,  upon  reversible  association  of  chloro¬ 
phyll  with  oxygen,  of  an  irreversible  oxidation  (allomerization).  Later 
(19492),  the  same  investigators  reported  that  what  they  first  took  for  an 
activating  effect  of  oxygen  was  in  fact  an  activating  effect  of  water  vapor 
contained  in  the  admitted  air.  Admission  of  air  caused  no  activation  of 
fluorescence  in  moist  solvents.  As  described  on  p.  771,  Livingston  at¬ 
tributed  activation  to  an  enol-ketone  transformation  in  the  cyclopentanone 
ring  enhanced  by  the  formation  of  hydrogen  bonds,  while  Evstigneev  and 
co-workers  thought  that  polar  solvent  molecules  might  have  an  affinity 
for  the  magnesium  atom  (which,  in  the  chlorophyll  molecule  has  two  free 
coordination  places).  Saturation  of  these  affinities  could  stiffen  the 
molecule  and  delay  internal  dissipation  of  excitation  energy.  In  agree¬ 
ment  with  this  concept,  no  activation  was  obtained  with  Mg-free  pheo- 
phytin,  or  phthalocyanin  ( cf .  p.  772). 

Coe  (1941)  suggested  that  “chemical”  quenching  of  chlorophyll  fluorescence  by 
“  anticuddants  presmit  in  oils  and  fats,  could  be  used  practically  as  a  measure  of  the  r 
rancidity;  but  French  and  Lundberg  (1944)  found  no  evidence  of  such  quenching 

cottonseed  oil.  . 

Kautsky,  Hirsch  and  Flesch  (1935)  found,  and  Franck  and  L>™gston 
(1941)  confirmed,  that  certain  substrates  whose  photoxidation  is  sensi  1 
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by  chlorophyll,  e.  q.,  isoamylamine  and  allyl thiourea,  do  not  cause  any 
weakening  of  chlorophyll  fluorescence.  According  to  Kautsky,  chloro¬ 
phyll  solutions  in  acetone,  saturated  with  isoamylamine,  fluoresce  brightly, 
chlorophyll  solutions  in  pure  isoamylamine  are  not  only  fluorescent,  but 
also  show  a  red  afterglow,  lasting  for  about  0.01  sec.  According  to  Franck 
and  Livingston,  the  fluorescence  of  a  10  5  J\f  chlorophyll  solution  in  ace¬ 
tone,  saturated  with  air  and  containing  0.5  mole/1,  of  allylthiouroa,  is  only 
15-20%  weaker  than  the  fluorescence  of  the  same  solution  free  of  both  oxy¬ 
gen  and  allylthiourea — despite  the  fact  that  the  quantum  yield  of  sensi¬ 
tized  photoxidation  is,  under  these  conditions,  of  the  order  of  unity.  T  his 
shows  that  the  sensitization  of  the  reaction  between  allylthiourea  (and 
similar  oxidizable  substrates)  and  oxygen  cannot  be  attributed  to  the  inter¬ 
action  of  excited  chlorophyll  molecules  in  the  fluorescent  state  with  either 
oxygen  or  the  oxidation  substrate.  In  other  words,  sensitization  is  brought 
about — in  this  particular  case — predominantly  or  exclusively  by  molecules 
whose  energy  would  otherwise  be  dissipated  without  fluorescence  (for 
similar  observations  with  other  sensitizers,  see  Shpolskij  and  Sheremetev 
1936). 


To  explain  this  phenomenon,  one  has  to  assume  that  the  majority  of 
excited  chlorophyll  molecules  do  not  fluoresce  because  they  undergo  trans¬ 
formation  into  a  still  energy-rich  but  comparatively  long-lived  form.  In 
this  form,  they  retain  some  of  their  original  excitation  energy  as  electronic 
or  chemical  energy.  Because  of  their  long  life,  these  activated  molecules 
have  a  good  change  of  encountering  oxygen  molecules  (or  substrate  mole¬ 
cules,  A),  even  when  the  latter  are  present  in  a  very  low  concentration. 
This  explains  why  a  high  yield  of  sensitized  autoxidation  was  sometimes 
observed  even  at  very  low  values  of  [02]  and  [A]. 

Thus,  experiments  on  the  quenching  of  chlorophyll  fluorescence  by 
oxygen  and  autoxidizable  substrates  bring  us  back  to  the  problem  of  long- 
lived  activation  state  (or  states)  of  chlorophyll,  which  we  have  discussed 
once  before  when  dealing  with  the  mechanism  of  photochemical  sensitiza¬ 
tion  by  chlorophyll  in  vitro  and  in  vivo  ( cf .  Vol.  I,  chapters  18,  page  483 
and  19,  page  544).  ’ 


Weiss  and  Weil-Malherbe  (1944)  suggested  that  self-quenching  may  ex¬ 
plain  the  nonquenching  of  chlorophyll  fluorescence  by  isoamylamine,  with- 
out,  the  assumption  of  long-lived  active  states.  On  page  774,  we  noted 
uit  the  high  efficiency  of  self-quenching,  reported  by  these  observers, 
turned  out  to  be  an  error,  caused  by  self-absorption.  But  even  if  it 

'•'1mneTirhltithSflhey  SUggeSte?>  il  could  not  Prevent  sensitization  from 
3  W  ?  fluorescence.  If,  in  the  absence  of  the  sensitization  sub- 
-trate,  90%  of  excited  chlorophyll  molecules  undergo  self-quenching  bv 
encounters  with  nonexcited  chlorophyll  molecules  (Chi*  +  Chi),  and  10% 
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emit  fluorescence,  the  addition  of  a  substrate  that  is  oxidized  with  a  quan¬ 
tum  yield  of  50%  should  reduce  both  self-quenching  and  fluorescence  in  the 
same  proportion — i.  e.,  to  45  and  5%,  respectively. 

(  ontrary  to  the  suggestion  ol  Weiss  and  Weil-Malherbe,  self-quenching 
could  not  explain  also  the  dependence  of  the  yield  of  sensitized  autoxida- 
tion  on  chlorophyll  concentration  (eq.  18.32). 

The  statement  that  stimulation  of  fluorescence  indicates  chemical 
change  (p.  781)  does  not  apply  to  sensitization.  That  energy  absorbed 
by  other  pigments  can  be  utilized  for  chlorophyll  fluorescence,  was  first 
observed  in  vivo  (chapter  24).  According  to  Duysens  (1951),  in  a  10 ~3  M 
solution  of  chlorophyll  a  +  b  in  acetone,  one-half  of  the  quanta  absorbed 
by  b  are  available  for  the  fluorescence  of  a  (by  the  same  token,  a  must 
quench  the  fluorescence  of  b). 


7.  Long-Lived  Active  States  and  Afterglow  of  Chlorophyll 


As  stated  in  chapter  18,  “long-lived  activations”  can  sometimes  be  due 
to  chemical  changes  (as  well  as  to  the  formation  of  metastable  electronic 
states — an  explanation  advocated  by  Kautsky  and  more  recently  by  G.  N. 
Lewis).  Several  of  the  quenching  processes  discussed  earlier  in  this 
chapter  may  lead  to  transient  formation  of  unstable  products.  Metasta¬ 
ble  active  products  may  occur  in  the  course  of  physical  energy  dissipation 
as  well  as  in  that  of  chemical  quenching.  In  the  first  case,  strong  vibrations, 


excited  during  “internal  conversion,”  can  induce  internal  chemical  changes— 
e.  g.,  one  or  two  hydrogen  atoms  may  be  transferred  to  a  different  position 
in  the  molecule,  thus  creating  a  metastable,  tautomeric  form.  In  the  second 
case— that  of  chemical  quenching— metastable  states  may  be  produced 
by  reversible  photochemical  reaction  with  the  solvent  e.  g.,  an  exchange  of 
electrons  or  hydrogen  atoms.  In  this  case,  the  long-lived,  metastable 
state  of  the  pigment  is  an  oxidized  or  reduced  (rather  than  a  tautomeric) 
state.  The  active,  oxidized  or  reduced  product  can  be  reconverted  to  the 
original  pigment  either  by  reversal  of  the  reaction  by  which  it  was  formed- 
thus  leaving  no  net  photochemical  change  at  all  or  by  other  reactions 
(e  g.,  with  the  solvent,  or  with  dissolved  oxygen),  thus  leaving  a  sensitized 
photochemical  change.  Ail  these  possibilities  were  discussed  in  some  de- 

tail  in  Volume  I  (chapter  18).  . 

The  hypothesis  that  long-lived  activated  molecules  are  molecules  in 

metastable  electronic  states  (Kautsky,  G.  N.  Lewis)  was  dismissed  as  im¬ 
plausible  in  Volume  I,  chapter  18  (page  486).  Subsequent  development  of 
this  concept,  supported  by  extensive  experiments  by  Kasha  and  othei 
workers  at  Berkeley,  makes  it  necessary  to  bring  the  subject  up  again  here. 

Both  the  ground  state  of  a  valence-saturated  molecule,  and  the  excite 
states  corresponding  to  intense  absorption  bands,  usually  are  singlet 
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states  (t.  e.}  states  with  total  electronic  spin  zero).  Triplet  states,  with 
a  total  electronic  spin  of  one  unit,  can  be  obtained  by  reversing  the  spin  of 
one  electron;  but  to  do  this  in  a  closed  shell,  it  is  necessary  to  change  also 
its  orbital  eigenfunction,  thus  converting  it  from  a  bonding  into  an  anti¬ 
bonding  electron— in  other  words,  dissociating  or  weakening  a  chemical 
bond  (e.  g.,  breaking  the  second  bond  in  a  C=C,  C=0  or  C— N  double 
bond).  The  molecule  in  the  triplet  state  thus  partakes  of  the  character  of  a 
biradical.*  The  radiative  return  of  such  a  molecule  into  the  ground  state, 
with  the  emission  of  fluorescence,  is  “prohibited,”  because  of  the  require¬ 
ment  that  the  spin  must  be  conserved;  the  light  quantum  has  no  mecha¬ 
nism  for  carrying  the  spin  away.  This  makes  “activated  molecules  of  the 
triplet  biradical  type  metastable — at  least  as  far  as  termination  of  activa¬ 
tion  by  fluorescence  is  concerned.  The  singlet-triplet  prohibition  applies, 
however,  strictly  only  when  the  electron  spin  does  not  interact  with  other 
modes  of  motion  of  the  electrons  in  the  system,  since  such  interactions  give 
the  chance  of  disposing  of  the  spin  momentum  by  converting  it  into  other 
rotational  momenta.  One  interaction,  which  is  always  there,  is  the  cou¬ 
pling  of  spin  momentum  with  the  rotational  momentum  of  the  electron 
movement  around  the  nucleus  (orbital  momentum).  This  interaction  is 
weak  in  light  elements  and  increases  with  increasing  atomic  number.  Other 
interactions  arise  when  the  triplet  molecule  is  exposed  to  external  fields  of 
force  (electric  or  magnetic).  This  is  the  case  in  condensed  phases,  where 
each  molecule  finds  itself  in  the  fields  of  force  of  the  adjoining  molecules. 
Thus,  the  theoretical  life-time  of  the  metastable  triplet  molecules,  as  cal¬ 
culated  for  an  isolated  molecule  by  considering  only  the  coupling  with  the 
orbital  momentum,  must  be  considerably  reduced  in  condensed  systems 
in  consequence  of  coupling  with  the  medium.  Furthermore,  in  addition 
to  radiative  transfer  into  the  ground  state  (fluorescence),  metastable 
molecules  are  exposed  also  to  energy  dissipation  by  internal  conversion 
into  vibrational  energy — made  irreparable,  in  a  condensed  phase,  by  loss 
of  vibrational  quanta  to  the  surrounding  molecules.  This  is  the  same  kind 
of  piocess  by  which  metastable  molecules  are  produced  from  the  excited 
molecules  in  the  fluorescent  singlet  state  (transition  A  ->  T  in  schemes 
23. IA  and  23. IB).  The  latter  transition  occurs  within  <10~8  sec.  (since 
it  successfully  interferes  with  fluorescences);  could  it  be  that  a  similar 
transition,  T  ->  X,  is  delayed  for  a  second  or  even  a  minute?  (This  is  the 
lifetime  of  long-lived  activation  in  some  dyestuffs,  as  derived  from  the 
decay  curves  of  phosphorescence.) 

These  were  the  considerations  which  have  caused  us  in  Volume  I  to 
consider  the  hypothesis  of  metastable  tautomeric  states  as  more  likelv 
to  explain  long-lived  activation  than  the  hypothesis  of  metastable  elec- 

two  ^"2"  ^  “liS  term  “  radiCal  With  two  tree  not  a  combination  of 
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ironic  states.  The  difference  between  the  two  hypotheses  is  that,  in  the 
second  one,  the  position  of  the  atomic  nuclei  in  the  metastable  state  is 
supposed  to  be  the  same  as  in  the  normal  state — or,  at  least,  not  separated 
from  the  normal  position  by  a  potential  barrier.  In  the  tautomeric  state, 
on  the  other  hand,  the  atomic  nuclei  are  rearranged  so  that  a  return  into 
the  ground  state  is  prevented  by  a  potential  barrier,  and  thus  requires  a 
certain  activation  energy.  For  the  rest,  the  tautomeric  state,  too,  may 
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Scheme  23. IB 


have  the  chemical  nature  of  a  biradical,  with  two  free  valencies,  and  the 
spectroscopical  nature  of  a  triplet  state,  with  a  corresponding  paramagnetic 
moment. 

The  following  two  elementary  transformations  illustrate  the  difference 
between  pure  electronic  excitation  to  a  triplet  state  and  electronic  excita¬ 
tion  coupled  with  tautomeric  rearrangement: 


(23.16E)  H  II 

R1_C=C— r2 


II  H 

Rj — c — C— R*  (electronic  tautomerization ) 


(23.16F) 


H  H 

R,— C=C— R2  ^ 


H  I  .  .  , 

R, — C — C — R-  (atomic  tautomerization ) 
H  I 


The  return  into  the  normal  state  requires,  in  the  second  case,  that  the  H 
atom  moves  over  to  a  neighboring  carbon  atom,  swinging  from  one  poten¬ 
tial  minimum  into  another  over  a  barrier.  This  type  of  metastabihty 
may  therefore  be  longer  lived  than  the  first  one,  in  which  the  return  into 
the  ground  state  can  be  achieved  by  electronic  rearrangement  alone. 

The  concept  of  metastable  triplet  states  as  the  origin  of  long-lived 
fluorescence  (phosphorescence)  of  dyestuff  solutions  has  been  iurther  de¬ 
veloped  in  several  papers  from  the  Berkeley  laboratories  by  Lewis,  Kasha, 
McClure  and  Calvin  (1945,  1947,  1948).  One  interesting  result  was  the 
experimental  confirmation  of  the  paramagnetism  of  the  phosphorescent 
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state  (at  least  in  one  case— that  of  fluorescein  in  a  rigid  solvent).  The  ob¬ 
served  paramagnetic  moment  corresponds  to  that  of  the  spin  of  two  un¬ 
paired  electrons,  as  expected  for  a  triplet  spectroscopic  state,  and  it  was 
argued  that  this  provides  a  clinching  argument  for  the  Lewis-Kasha  theory. 
However,  according  to  what  we  said  above,  paramagnetism  does  not  prove 
(hat.  the.  biradical  is  of  a  purely  electronic  nature,  and  not  a  tautomer  of  the 
normal  molecule.  (Perhaps,  one  should  call  the  metastable  molecules 
envisaged  by  Lewis  and  Kasha  “electronic  tautomers”  and  contrast  them 
with  ordinary  or  “atomic  tautomers”;  the  term  “mesomers”  usually  is 
applied  only  to  electronic  structures  of  equal,  or  nearly  equal,  energy.) 

Life-time  calculations  of  metastable  organic  molecules  have  been  made 
in  three  ways— theoretically,  on  the  basis  of  spin-orbit  interaction  alone 
(this  should  give  a  high  upper  limit  for  actual  life  times  in  condensed  sys¬ 
tems!),  and  experimentally,  either  from  the  duration  of  phosphorescence, 
or  from  the  intensity  of  the  (weak)  absorption  bands  which  have  been 
found  to  correspond  to  the  phosphorescence  bands  in  some  organic  com¬ 
pounds.  In  general,  the  actual  life-times  of  phosphorescence  were  not 
shorter,  but  longer  (by  factors  of  the  order  of  10,  102,  or  even  103)  than  the 
theoretical  life-times,  particularly  in  the  case  of  aromatic  compounds.  The 
life-times  derived  from  the  intensity  of  the  absorption  bands  also  often 
were  shorter  than  those  observed  by  the  phosphoroscopic  method. 
Whether  these  results  indicate  that  in  some  molecules,  at  least,  the  metas¬ 
table  state  corresponds  to  an  atomic,  rather  than  an  electronic,  tautomer 
remains  to  be  seen.  A  possible  alternative  explanation  is  that  the  life¬ 
time  calculations  on  the  basis  of  the  triplet-singlet  exclusion  rule  alone  give 
too  small  values  because  this  exclusion  rule  is  reinforced,  particularly  in 
aromatic  systems,  by  additional  symmetry  considerations. 

In  the  present  chapter,  w^e  are  concerned  particularly  with  one  aspect 
of  the  problem  of  long-lived  active  states— that  of  the  “afterglow.”  The 
photochemically  produced  tautomeric  product  or  the  metastable  triplet 
molecules  may  have  such  high  energy  that,  with  the  help  of  thermal  energy 
fluctuations,  they  can  return,  after  a  certain  interval  of  time,  into  the  orig¬ 
inal  electronically  excited  state  and  cause  the  emission  of  “delayed  fluores¬ 
cence”  (also  designated  as  “afterglow”  or  “phosphorescence”).  This  cycle 
(c/.  schemes  23.1  A  and  B)  provides  the  most  plausible  explanation  of  phos- 
phoresence  of  many  dyestuff  solutions.  (Solutions  of  eosin,  erythrosin 
lose  kengal  and  many  other  dyes  all  showr  an  afterglow  lasting  for  10~3 
to  10  1  sec.)  According  to  Kautsky,  Hirsch  and  Flesch  (1935)  who 
studied  this  effect  in  numerous  dyes,  the  afterglow  is  extremely  sensitive 
to  oxygen;  a  few  millimeters  pressure  of  this  gas  suffice  to  suppress  it. 
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In  the  case  of  chlorophyll  solutions  in  organic  solvent,  the  same  authors 
could  find  no  afterglow,  except  when  isoamylamine  was  used  as  solvent.  The 
interpretation  of  this  result  is  uncertain.  Perhaps,  the  tautomeric  state, 
T,  does  occur  in  chlorophyll,  as  in  other  dyestuffs,  but  the  relative  prob¬ 
ability  of  its  termination  by  direct  transition  into  the  ground  state  X 
(shown  by  broken  line  in  scheme  23. IB)  is  much  larger  than  that  of  the 
return  into  the  fluorescent  state  A.  Thus,  the  intensity  of  red  phos¬ 
phorescence  is  practically  zero — except  in  certain  cases  (such  as  that  of 
solution  in  isoamylamine)  where,  for  an  as  yet  unknown  reason,  the  rela¬ 
tive  probability  of  the  two  competing  processes  is  changed  in  favor  of 
phosphorescence . 

It  is  hardly  a  coincidence  that  isoamylamine — the  only  medium  in 
which  red  chlorophyll  afterglow  was  observed — is  a  compound  whose 
photoxidation  is  sensitized  by  chlorophyll  with  a  high  quantum  yield.  It 
was  pom  ted  out  above  that  the  sensitization  process  does  not  compete  with 
fluorescence  (since  neither  isoamylamine  nor  oxygen,  in  the  low  concen¬ 
trations  used,  has  a  marked  quenching  effect  on  chlorophyll  fluorescence). 
Therefore,  sensitization  must  be  brought  about  by  long-lived  active  forms 
of  chlorophyll.  If  the  same  forms  were  also  responsible  for  (red)  phosphores¬ 
cence,  then  clearly  this  phosphorescence  and  sensitization  would  be  com¬ 
peting;  this  is  obviously  not  the  case,  since  red  phosphorescence  occurs  only 
in  a  medium  (isoamylamine)  where  sensitization  also  takes  place,  dins  is 
indeed  a  paradoxical  result!  One  may  try  to  find  a  solution  by  assuming 
that  the  phosphorescence  of  chlorophyll  in  isoamylamine  is  a  photochemi- 
luminescence,  with  the  light-emitting  pigment  molecules  being  formed  in 
the  process  of  restoration  of  chlorophyll  after  its  reversible  oxidation  (or 
reduction).  For  example,  using  the  sensitization  mechanism  (18.40) 
one  could  write  (with  A  for  amine,  and  t  for  tautomer) . 


(23.17a) 

(23.17b) 

(23.17c) 

(23.17d) 


Chi  +  hv - »  Chi*  ( - »  tChl) 

* 

Chi*  (or  tChl)  +  A  - >  oA  +  rChl 

rChl  +  X02 - >  Chl*(+  h  H20) 


Chh 


->  Chi  +  hv 


(23.17) 


A  +  02 


->  oA(  +  i  H20 ) 


P eviction  (23  17c)  is  an  exception  from  the  rule  that  back  reactions  in 
Photochemical  sensitizations  occur  without  chemiluminescence.  In 'chapter 
24  ^  win  quote  evidence  of  a  chemiluminescence  accompanying  the  back 

reactions  in  photosynthesis. 
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Another  possible  cause  of  phosphorescence— with  a  spectrum  somewhat 
different  from  that  of  instantaneous  fluorescence— can  be  the  direct,  radia¬ 
tive  return  of  the  metastable  molecules  from  state  T  into  the  ground  state 
Ar,  with  the  emission  of  a  quantum.  This  is  an  alternative  to  the  above- 
mentioned,  nonradiative  return  by  internal  conversion  of  electronic  into 
vibrational  energy.  The  assumption  that  this  type  of  phosphorescence 
alone  limits  the  life-time  of  the  metastable  state  is  the  basis  of  the  above- 
mentioned  calculations  of  Lewis,  Kasha  and  McCluie.  Long-lived  lumi¬ 
nescence,  with  a  frequency  2000-20,000  cm."1  lower  than  that  of  direct 
fluorescence,  actually  is  known  for  many  dyestuffs  and  other  fluorescent 
organic  compounds,  particularly  at  low  temperatures  in  glassy  solvents. 
In  the  case  of  chlorophyll,  a  phosphorescence  of  this  type  would  have  to  be 
sought  in  the  infrared. 

Calvin  and  Dorough  (1947)  reported  that  in  a  mixture  of  chlorophyll  a 
and  b,  dissolved  in  a  “rigid  solvent”  (EPA  =  mixture  of  ether,  pentane 
and  alcohol  solidified  <—100°  C.  without  crystallization),  an  afterglow 
lasting  0.2  sec.  can  be  observed  after  illumination.  Spectroscopic  obser¬ 
vation  revealed  a  band  beginning  at  780-800  m/x  and  stretching  into  the 
infrared.  Similar  results  were  obtained  with  zinc  tetraphenylchlorin, 
but  not  with  copper  tetraphenylchlorin — a  difference  ascribed  by  Calvin 
to  weakening,  by  the  paramagnetic  Cu2+  ion,  of  the  metastability  of  the 
triplet  state. 

Livingston  and  co-workers  (1948)  found  no  such  afterglow,  at  — 180°  or 
—  150°  C.  (2  X  10-7  mole/1,  chlorophyll  a  in  EPA).  Experiments  in  other 
solvents  and  at  other  temperatures  also  gave  negative  results — with 
chlorophyll  a  +  b  as  well  as  a,  and  at  concentrations  from  10  ~2  to  5  X 
10~6  mole/1.,  in  air  or  in  vacuum.  According  to  Livingston,  a  personal 
communication  from  the  Berkeley  group  confirmed  that  the  luminescence 
of  C  hi  (a  +  b)  at  800  m/z,  reported  by  Calvin  and  Dorough,  probably  had 
been  due  to  impurities.  However,  Berkeley  observers  asserted  that  chloro¬ 
phyll  b  does  have  a  weak  infrared  afterglow  (r  =  0.02  sec.),  starting  at  860 
ni/x.  fl  his  phosphorescence,  if  it  exists,  should  be  in  direct  competition 
with  photochemical  sensitization  by  chlorophyll  (Weiss,  1948). 

8.  Summary  —A  Scheme  of  Fluorescence  and  Sensitization 

In  summing  up  the  discussion,  we  may  go  back  to  Volume  I  (chapter 
.  )  and  reproduce  again,  in  a  somewhat  amplified  form,  scheme  19.11 
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given  there  to  describe  the  most  likely  mechanism  of  fluorescence  and  sen¬ 
sitized  photoxidation  in  chlorophyll  solutions.*  This  scheme,  amplified 
to  include  also  internal  conversion,  self-quenching  by  collisions  and  photo¬ 
chemical  reaction  with  the  oxidation  substrate  A — e.  g.,  an  amine — (but 
simplified  as  far  as  the  mechanism  of  sensitized  photoxidation  is  concerned), 
is  reproduced  in  scheme  23.11.  To  prevent  the  scheme  from  becoming  too 


Chi* 


Scheme  23.11.  Fate  of  excitation  energy  in  chlorophyll  solutions  containing  oxygen 

and  an  autoxidizable  substrate  A 


complicated,  it  does  not  include  reactions  with  the  solvent;  it  must,  how¬ 
ever,  be  kept  in  mind  that,  as  shown  repeatedly  in  chapter  18,  “pseudo- 
monomolecular”  reactions  with  the  solvent  may  nearly  always  serve  as 
alternatives  for  truly  monomolecular  tautomerizations.  The  meaning  of 
the  arrows  in  the  scheme  is:  (1)  internal  conversion,  (2)  tautomerization 
(followed  bv  sensitized  autoxidation  of  the  substrate  A,  or  by  dissipative 
return  into  “the  normal  state  Chi),  (3)  self-quenching,  (4)  fluorescence,  (5) 
sensitized  autoxidation  of  A  through  primary  reaction  with  02,  (6)  sensi¬ 
tized  autoxidation  of  A  through  primary  reaction  with  A.  According  to 
the  Lewis-Kasha  theory,  “tautomerization”  may  mean  an  electronic 
(rather  than  nuclear)  rearrangement,  and  “dissipation”  may  be  ac  leve 
by  emission  of  phosphorescence. 

Scheme  23.11  shows  eight  different  ways  by  which  normal  C  hi  can  be 
re-formed  after  excitation,  and  four  ways  by  which  substrate  A  can  be  oxi- 

n,  w  two  lines  of  page  546  in  Volume  1  (first  printing),  a  misprint  and  an 
•  •  n  must  be  corrected*  The  lines  should  read:  “If,  at,  [02]  -  10  1000  mm., 
“I”  ,T<<  A  .he  fluorescence  yield,  *  must  depend  on  oxygen  pressure  m  tins 
ii  j.  and  if,  at  [0,1  -  10  -  i«  10-  mole/l..  <f  [0,1  .»«  *.  wd  *.  W  »»*• •  ■  •  • 
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dized  to  oA  (two  alternative  direct  reactions  of  Chi*  and  two  alternative 
reactions  of  the  metastable  tChl).  It  neglects  all  resonance  effects. 

The  yield  of  fluorescence,  <p,  is  according  to  scheme  23.11. 


(23.18) 


k 


<p  = 


(kj  +  u  +  fa)  +  k.ich\]  Vkfm  +  k*  [at 


(This  equation  is  to  replace  equation  19.5.) 

Some  of  the  constants  in  (23.18)  can  be  estimated. 
kf  is  1.2  X  107  (inverse  of  the  natural  life-time  of  Chi*,  as  calculated 
from  the  intensity  of  the  red  absorption  band  on  page  634). 

ki  may  be  small  compared  to  kt — in  other  words,  tautomerization  may 
be  a  normal  intermediate  step  of  internal  conversion.  This  is,  however 
not  certain.  The  quantum  yield  y  —  1  was  found  ( cf .  Tables  18.11  and 
18. Ill)  at  [A]  ^5X  10“4 — i.  e.,  concentrations  at  which  k*A  [A]  may  well 
be  high  enough  to  make  k{  insignificant  even  if  it  is  not  small  compared  to 
kt. 

ki  +  kt  must  be  about  108,  if  one  assumes  a  fluorescence  yield  of  ~  10% 
in  the  absence  of  quenching  by  02  or  A. 

kc  should  be  >  1012  according  to  Weiss  and  Weil-Malherbe  (cf.  page 
773),  but  more  probably  is  about  109  (the  value  obtained  by  Weiss  and 
Weil-Malherbe  for  dyes  other  than  chlorophyll).  Figure  23.7  indicates 
half-quenching  at  [Chi]  =  1.5  X  10~2  mole/1.,  and  thus  k{  =  67  and 
kc  —  7  X  109.  However,  the  sigmoid  shape  of  the  curve  points  to  resonance 
transfer  rather  than  collisions  as  the  main  quenching  mechanism. 

k*0  is  about  5  X  10",  calculated  from  a  “half-quenching”  concentration 
of  2  X  10 ~2  mole/1,  (cf.  Table  23.IIIC). 

k\  could  be  calculated  from  Franck  and  Levi’s  curves  for  the  quench¬ 
ing  of  fluorescence  by  benzidine,  it  the  concentration  units  used  were  known. 

(I he  ki  values  in  Table  23.IIIC  are  bimolecular  rate  constants  in  sec.  X 
1.  X  mole  b  the  kC)  k*  and  kA  values  in  equation  25.18  are  products  of  these 
constants  and  the  rate  constant  of  monomolecular  deactivation,  kf  +  ki  + 
k,  ^  108  sec.-1.) 

e  lefrain  from  an  attempt  to  deduce  from  scheme  23.11  an  equation 
for  the  quantum  yield  of  sensitized  autoxidation  (to  replace  equation  19.6), 
because  the  result  is  much  too  complicated  to  allow  comparison  with  the 
experimental  data,  e.  g.,  with  Gaffron’s  equation  (18.32)  for  the  sensitized 
autoxidation  of  allylthiourea.  The  “self-quenching”  reaction  of  the  tau¬ 
tomer  tChl: 

(23,19)  tChl  +  Chi - *  2  Chi 

has  been  added  to  account  for  the  decrease  in  the  yield  of  chlorophvll- 
sensitized  photoxidation  with  increased  pigment  concentration  [Chi],  in 
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the  [Chi]  region  where  self-quenching  of  the  short-lived  state  Chi*  cannot 
be  significant  (c/.  Table  18.III,  page  513,  Vol.  I).  This  “deactivation”  of 
tautomeric  chlorophyll  by  normal  chlorophyll  can  perhaps  occur  via  dis- 
mutation : 

(23.20)  tChl  +  Chi - >  oChl  +  rChl 

(as  suggested,  e.  g.,  in  equation  18.42b,  page  519,  Vol.  I)  followed  by  back 
reaction : 

(23.21)  oChl  +  rChl - >  2  Chi 

B.  Fluorescence  of  Carotenoids  and  Phycobilins 

in  Vitro* 


1.  Fluorescence  of  Carotenoids 

Carotenoids  are  usually  described  as  nonfluorescent.  According  to 
Willstatter  and  Stoll  (1918),  this  is  true  both  of  the  leaf  carotenoids  and  of 
the  carotenoids  of  brown  algae  (e.  g.,  fucoxanthol).  However,  de  Rogovski 
(1912)  asserted  that  he  has  observed  a  fluorescence  of  carotene  in  petroleum 
ether,  in  the  region  505—600  niju,  and  Dhere  and  Castelli  ( cf .  Dhere  1939) 
stated  that,  at  —180°,  three  separate  fluorescence  bands  can  be  observed 
in  carotene  solution  in  xylene.  Klein  and  Linser  (1930)  mentioned  a 
green  fluorescence  of  carotene  solutions  in  alcohol.  Strain  (1936)  found, 
in  the  chromatograms  of  leaf  extracts  in  petroleum  ether,  a  fluorescent 
layer  situated  below  that  of  carotene  a,  and  belonging  to  an  unknown  color¬ 
less  substance,  probably  a  hydrocarbon  without  sharp  absorption  bands  in 
the  visible  or  near  ultraviolet.  Zechmeister  and  co-workers  (see,  for  ex¬ 
ample,  Zechmeister  and  Sandoval  1945,  1946)  found  a  fluorescent,  colorless 
polyene  hydrocarbon  with  sharp  absorption  bands  at  331,  348  and  367 
mu  (in  petroleum  ether)  to  be  present  in  great  abundance  in  extracts  from 
various  plant  organs  (fruits,  stems  etc.,  but  not  chlorophyllous  organs, 
such  as  grass,  leaves  or  green  needles).  This  hydrocarbon  called  phyto- 
flume  (probably  C4oH64),  may  be  a  hydrogenation  product  (or  precursor) 
of  the  carotenes;  it  contains  seven  double  bonds,  with  probably  only  v 

of  them  conjugated.  . 

Absence  of  fluorescence  indicates,  according  to  page  799,  that  t  . 
tation  energy  of  carotenoid  molecules  in  solution  is  dissipated  within  less 

than  10-11  sec. 


*  Bibliography,  page  804. 
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2.  Fluorescence  of  Phycobilins 


The  phycobilins  are  usually  described  as  brilliantly  fluorescent.  How¬ 
ever,  since  no  exact  determinations  of  the  yield  of  fluorescence  exist,  it 
is  impossible  to  judge  whether  the  fluorescence  is  so  much  stronger  than 
that  of  chlorophyll,  or  whether  its  greater  brilliancy  is  due  to  the  fact  that 
the  fluorescence  bands  of  the  phycobilins  lie  near  the  region  of  the  greatest 
sensitivity  of  the  human  eye,  whereas  those  of  chlorophyll  are  in  the  far  red, 


and  partly  in  the  infrared. 

Association  with  proteins  does  not  impair  the  fluorescence  of  phycobil¬ 
ins.  On  the  contrary,  according  to  Lemberg  (1930),  the  isolated  pigments 
fluoresce  less  strongly  than  the  chromoproteids. 

The  fluorescence  of  red  algae  was  first  described  by  Stokes,  in  the  same 
paper  in  which  he  also  reported  the  discovery  of  the  fluorescence  of  green 
leaves  ( cf .  page  805).  Since  then,  the  fluorescence  of  both  the  living 
algae,  and  of  their  aqueous  extracts,  has  repeatedly  been  observed,  e.  g., 
by  Schiitt  (1888),  Hanson  (1909),  Turner  (1916),  Lemberg  (1928),  Dhere, 
and  Fontaine  (1931),  Roche  (1933),  Dhere  and  Raffy  (1935),  Van  Norman. 
French  and  Macdowall  (1948),  Arnold  and  Oppenheimer  (1949)  and 
French  (1951). 

Van  Norman,  French  and  Macdowall  (1948)  gave  a  photometric  curve 
for  the  fluorescence  of  an  extract  obtained  by  grinding  a  species  of  the  red 
alga  Iridaea  under  water  and  centrifuging  at  high  speed.  It  shows  a  sharp 


peak  at  about  580  m^t,  clearly  related  to  the  first  long-wave  absorption 
band  of  phycoerythrin  at  566  m m  (cf.  fig.  23.9A,  from  French  1951). 

A  shoulder  appears  on  the  long-wave  side  of  the  580  m/x  fluorescence 
band,  indicating  the  presence  of  a  second  maximum  at  about  630  m/x. 
I  his  probably  is  the  second  (0  — >  1)  fluorescence  band  of  phycoerythrin 
(leading  to  a  vibrational  ground  state).  The  first  fluorescence  band  of 
phycocyanin  (correlated  with  the  first  absorption  band  of  this  chromopro- 
teid,  the  peak  ol  which  appears,  in  the  same  extract,  at  about  615  rrqx) 
lies  at  660  m/i,  according  to  the  curve  obtained  by  French  (1951)  by 
subtraction  of  the  phycoerythrin  fluorescence  from  the  fluorescence 
spectrum  of  the  crude  aqueous  extract  from  a  red  alga  (fig.  23.9B) .  Earlier 
nherf  ami  Fontaine  (1931)  gave  578  and  648  mM,  respectively,  as  the  axes 
ol  the  fluorescence  bands  of  the  two  phycobilins  in  aqueous  extract.  Dh,)r4 
and  Kaffy  (1935)  noted  a  second  phycocyanin  band  at  about  728.5  m, 
According  to  French’s  figures,  the  fluorescence  bands  of  the  phycobilins 
are  shifted  to  the  red  of  the  absorption  bands,  by  14  mM  in  the  case  of 
Phycoerythrin,  and  by  45  in  that  of  phycocyanin 
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Fig.  23.9A.  Absorption  (-)  and  fluorescence  (-)  spectra  of  pure  phycoerythnn 

CT5»a  nuorescence’spectrum  of  phycocyanin  as  derived  from  the  spectrurn  of 
a  crude  wafer  exctract  of  a  red  alga  by  subtracting  the  fluorescence  of  phycoerythnn. 


Courtesy  C.  S.  French  (1951). 
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Arnold  and  Oppenheimer  (1950)  broke  blue-green  algae,  Chroococcus 
by  squeezing  through  a  syringe  ( cf .  chapter  35)  and  separated  (Ik1  phy- 
cobilin  chromoproteid  from  the  chlorophyll  chromoproteid  by  hactiona- 
tion  with  ammonium  sulfate.  1  he  phycobilin  lraction,  lesuspended  in 
water,  showed  a  fluorescence  band  at  620-655  m/x.  An  estimate  of  the 
yield  of  fluorescence  gave  a  value  ol  about  20%.  The  yield  of  fluorescence 
is  much  lower  (about  1.5%)  in  living  Chroococcus  cells.  It  increases  upon 
grinding  of  the  cells  under  water,  even  without  the  separation  of  the  phy¬ 
cobilin  from  chlorophyll  (cf.  chapter  24,  page  816).  This  is  interesting 
because  the  blue-green  algae  contain  no  chloroplasts ;  therefore,  the  “cell 
juice,”  obtained  by  their  grinding,  should  not  differ  so  strongly  in  its  proper¬ 
ties  from  the  contents  of  the  living  cell,  as  do  the  products  of  mechanical 
destruction  of  chloroplast-bearing  green  cells.  Arnold  and  Oppenheimer 
suggested  that  the  approximately  tenfold  increase  in  the  yield  of  fluores¬ 
cence  upon  grinding  could  be  a  pure  dilution  effect:  In  live  cells,  close 
proximity  of  the  average  phycobilin  molecule  to  one  or  several  chlorophyll 
molecules,  permits  a  highly  efficient  resonance  transfer  of  excitation  energy 
from  phycobilin  to  chlorophyll  (accounting  for  a  high  quantum  yield  of 
photosynthesis  in  light  absorbed  by  the  phycobilins;  cf.  chapter  30,  section 
6).  This  leads  to  quenching  of  phycobilin  fluorescence  and  substitution 
ol  the  (less  intense)  sensitized  chlorophyll  fluorescence.  Dilution  de¬ 
creases  the  rate  of  resonance  transfer  and  thus  preserves  the  fluorescence 
of  the  phycobilins. 
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Chapter  24 


FLUORESCENCE  OF  PIGMENTS  IN  VIVO  * 


Because  of  close  relationship  that  exists  between  fluorescence  and  sen¬ 
sitization  (c/.  chapters  18  and  19  in  Volume  I,  and  chapter  23  in  this  vol¬ 
ume),  the  study  of  fluorescence  of  chlorophyll  in  the  living  plant  can  make 
an  important  contribution  toward  the  understanding  of  the  mechanism  of 
photocatalytic  action  of  this  pigment  in  photosynthesis.  Fluorescence  is 
a  property  of  chlorophyll  that  can  be — and  has  been — -observed  simultane¬ 
ously  with  the  measurement  of  photosynthetic  activity.  By  measuring 
the  yield  of  fluorescence,  one  can  obtain  insight  into  the  energy  exchange  and 
dissipation  processes  in  photosynthesizing  cells,  without  interfering  with 
their  life  processes.  No  attempts  have  been  made  to  observe  changes  in 
the  fluorescence  spectrum  (or,  for  that  matter,  in  the  absorption  spectrum)  of 
chlorophyll  during  photosynthesis,  but  this,  too,  may  prove  possible  and 
useful  in  future. 


Many  plant  tissues  fluoresce  in  ultraviolet  light;  but  only  those  con¬ 
taining  chlorophyll,  bacteriochlorophyll  or  the  phycobilins  show  a  rather 
weak,  red  or  orange  fluorescence  when  illuminated  with  visible  light.  The 
fluorescence  of  the  phycobilins  (in  blue-green  and  red  algae)  is  more  vivid 
than  that  of  chlorophyll,  because  it  is  stronger  and  the  eye  is  more  sen¬ 
sitive  to  orange  than  to  red  light.  Among  green  plants,  the  algae  show 
fluorescence  more  clearly  than  land  plants,  because  light  scattering  (which 
obscures  fluorescence)  is  much  weaker  in  their  water-filled  thalli  than  in 
air-hlled  leaves.  The  fluorescence  of  leaves  is  so  difficult  to  observe,  that 

.Sr9  Wa?  ‘*'f overed  b-v  Stokes  in  1852,  and  also  described  by  Simmler 
>2  and  Askenasy  in  18b/ ,  other  investigators,  notably  Lommel  (1871) 

istence  “aI  h  ’l  'h^  T‘  V"’1^  (1883)’  "ere  Unable  to  confirm  its  ex‘ 
istence  Although  Hagenbach  (1874)  and  Reinke  (1884)  revised  their 

yen  s  atei,  the  reality  of  leaf  fluorescence  remained  subject  to  occasional 

a.  ...is,1", 

Bibliography,  page  826. 


805 


806 


FLUORESCENCE  OF  PIGMENTS  IN  VIVO 


CHAP.  24 


saw  it — Tswett  (1911),  Lehmann  (1914),  Wilschke  (1914)  and  Gicklhorn 
(1914) — that  they  gave  enthusiastic  descriptions  of  this  phenomenon. 
More  recently,  green  leaves,  green  and  colored  algae  and  diatoms  have  all 
been  studied  under  the  fluorescence  microscope,  by  Lloyd  (1923,  1924), 
Testi  Dragone  (1927),  Klein  and  Linser  (1930)  and  Metzner  (1937). 

In  the  meantime,  methods  of  macroscopic  observation  of  plant  fluores¬ 
cence  also  have  been  improved,  and  Stokes’  original  results  confirmed  and 
expanded.  Notably  Dhere  and  co-workers  (see  Dher6  1937,  1939)  have 
carried  out  numerous  spectrophotographic  investigations  of  plant  fluores¬ 
cence:  Dhere  and  Fontaine  (1931),  Fontaine  (1934)  and  Dhere  and  Raffy 
(1935)  studied  brown,  green  and  blue  algae;  Bachrach  and  Dhere  (1931), 
diatoms;  and  Dhere  and  Raffy  (1935)  and  Dhere  and  Biermacher  (1936), 
green  leaves.  The  investigations  of  Kautsky  and  co-workers  (1932—1943), 
McAlister  and  Myers  (1940),  Franck,  French  and  Puck  (1941),  Shiau  and 
Franck  (1947)  and  of  the  “Dutch  group”  (Wassink,  Katz,  Dorrestein  et  al. 
(1939,  1942,  1945)  dealt  mainly  with  the  alterations  in  the  intensity  of 
fluorescence  that  accompany  changes  in  the  rate  of  photosynthesis. 

French  and  co-workers  (1948,  1951)  and  Duysens  (1951)  initiated  a 
very  promising  spectrophotonietric  investigation  of  fluorescence,  paiticulaily 

of  red  algae. 


1.  Fluorescence  Spectra  of  Plants 

If  we  leave  aside  the  phycobilin-carrying  algae,  the  spectroscopic  pat¬ 
tern  of  the  fluorescence  of  living  plants  is  very  simple.  In  solutions,  both 
chlorophyll  a  and  chlorophyll  b  have  a  two-band  fluorescence  spectrum  in 
the  visible  region  (<•/.  Table  23.1).  In  the  living  cell,  these  bands  are 
shifted  so  far  toward  longer  waves  that  only  one  band  of  chlorophyll  a 
and  one  of  chlorophyll  b  remain  within  the  visible  spectrum.  Thus,  the 
visible  fluorescence  spectrum  of  green  leaves  and  green  algae  consists  of 

°nl  Brown  algae  and  diatoms  contain  no  chlorophyll  6;  their  fluorescence 
spectrum  therefore  shows  only  one  visible  band.  It  was mentm led  ^ 
page  40fi  that  Wilschke  (1914)  and  DlierS  and 

a  second  band  in  the  fluorescence  spectrum  of  hea  "k died  b  -  >« 

and  extracts  from  these  organisms,  and  attributed  it  to  a  M  l  ^ 

c”  (chlorofucin) ;  but  no  corresponding  band  was  toui 

T>  ffv  (1035)  in  the  fluorescence  spectra  of  living  brown  algae.  •  - 

Raffy  (1935)  in  he  recently  that  a  chlorophyll  c 

and  Strain  (c/.  page  or*;  tuIltluv  ,  ,  +n  Ponfirm  this 

.1  the  ,Mt.|.  fluorescence  ol  the  t.e  “ 


FLUORESCENCE  SPECTRA  OF  PLANTS 


807 


living  cells  are  listed  in  Table  24.1.  The  two  different  figures  given  in  the 
table  for  the  leaves  of  Pelargonium  illustrate  the  statement  made  on  page 
744  that  the  position  of  the  band  “axis”  depends  on  the  sensitivity  curve  of 
the  photographic  plate. 


Table  24.1 

Fluorescence  Bands  of  Chlorophyll  in  Plants 


Plant 


Brown 
algae . . . 

Green 
algae . . 


Higher 

plants. 


Red 


algae . 


Fucus  virso- 
ides 


Ulva  lactuca 

Ulva  lactuca 

Chlorella 

Chlorella 


Hormidium 

flaccidum 

Elodea  cana¬ 
densis 

Elodea  cana¬ 
densis 

T  radescantia 

Pelargonium 

zonale 

Pelargonium 

zonale 


Gigartina ; 
Iridaea 

Porphyridium 

Porphxjra 

laciniata 


Chlorophyll  a 


First  band 


Axis 


670 

670 

684.7 

684.5 


686 


670 


677.5 

685 

/680.5« 
1686* 

684 


Max. 


Second 

band 

axis 


681 

685 


681 


Third 

band 

axis 


738 

740 


707c 

605 

690rf 


812 


Chi.  b 


First 

band 

axis 


Ab¬ 

sent 


656.5 

655.5 


657.5 


655 


Observer 


Wilschke 

(1914) 


Wilschke 

(1914) 

Dher6,  Fon¬ 
taine  (1931) 

Stern  (1921) 

Vermeulen, 

Wassink, 

Reman 

(1937) 

Baas-Becking, 

Koning 

(1934) 

Wilschke 

(1914) 

Tswett  (1911) 

Stern  (1921) 

Dh6r6,  Raffy 
(19351) 

Dh6r6,  Bier- 
macher 
(19362) 


Van  Norman 
et  al.  (1948) 
French  (1951) 

Duysens 
(1951) 


(a  +  d).  Other  peakTat^^m^  (phywervthrinViiKfo"^^0  \  Probabl-V  chlorophyll 
peaks  at  725  mM  (chlorophyll  d?)  and  660  mM  (phycocyanin)*  (phycocyamn)-  d  Other 

7  onFSh“r;.it  t: ispe:T  ^ 
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close  coincidence  of  the  fluorescence  band  in  vivo  (No.  7)  with  the  corre¬ 
sponding  absorption  band  (No.  G),  and  the  “red  shift”  of  the  fluorescence 
band  in  the  living  cell  compared  to  its  position  in  solution  (Nos.  2  and  3 
compared  to  No.  4). 


>•1  ■  ..  o  O  o  O  O  o 

Wave  lenqth,  mu'-  momo  m  o 

3  1  n  ss  ^  w  if)  in 

jiurprirnrn  [  1 1  h  f  r  i  i  i 

Spectrum:  * 

Reference 


Fluorescence 


Reference  5 

Absorption  6 

Fluorescence  7 

Reference  8 


o  o  o  o  o 

in  o  in  o  <n 

r-  t-~  ifl  us  <o 


Fig.  24.1.  Fluorescence  spectrum  of  living  leaves  of  Pelargonium  (Nos. 

2,  3,  7)  and  of  chlorophyll  in  ether  (No.  4),  compared  with  the  absorption 

spectrum  (No.  6)  (after  Dherc  and  Raffy  1935). 

Dhere  and  Raffy  (1935)  suggested  that  the  second  fluorescence  bands  of  chlorophylls 
a  and  b  in  vivo,  situated  in  the  near  infrared,  may  account  for  the  striking  brightness 
that  green  vegetation  exhibits  on  landscape  photographs  on  infrared-sensitive  plates 
(rf  fitr  22  31  A.)  However,  the  fluorescence  of  living  leaves  is  much  too  weak  to  produce 
such  a  spectacular  effect.  Mecke  and  Baldwin  (1937)  disproved  Dher6’s  theory  by 
showing  that  the  vegetation  remains  dark  when  illuminated  with  infrared-free  light  and 
pliotographed  through  a  filter  that  transmits  only  the  infrared.  The  bnghtne*  „(  green 
plants  in  infrared  light  is  thus  due  to  lack  of  absorption,  and  not  to  fluorescent  . 

PMr,;  and  Biermacher  (1936)  photographed  the  fluorescence  of  Pelar¬ 
gonium  leaves  on  plates  whose  .sensitivity  extended  far  into  £e.nfra.e£ 
and  found  a  new  l.and,  with  an  axis  at  812  mg,  extending  to  830  mg.  In 
Table  24.11,  the  wave  lengths  of  the  peaks  of  tire  four  known  fluorescence 
bands  of  the  chlorophylls  a  and  b  in  living  cells  are  compared  tuth 
wave  lengths  of  the  corresponding  bands  in  ethereal  solutio  . 

TaWe  24  II  shows  that,  in  the  living  cell,  the  fluorescence  bands  are 
h'f  ed  bv  5  15  mu  oward  the  infrared  from  their  positions  m  ethereal 

S2.V  . .  li— ...  a. 
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Table  24. II 

Fluorescence  Bands  ok  Chlorophyll  in  Plants 

and  in  Ethereal  Solution0 

Axis,  m nb 

Maximum,  m/x 

Band 

Plant 

Soln. 

Plant 

Soln.  c 

Chlorophyll  a  I .  .  . . 

680,  685 

672d 

681-685 

665 

II.  .  .  . 

740 

736 

— 

720 

III.  .  . . 

812 

801 

— • 

— 

Chlorophyll  b  I .  .  . . 

656 

651rf 

— 

649 

II.  .  .  . 

— 

713 

— 

708 

III.  .  . . 

— 

789 

— 

— 

°  On  Ilford  Infrared  Plates. 

b  Biermacher  (1936). 

e  cf.  table  23.  I. 

d  The  difference  between 

these  values  and 

those 

in  Table  23. IB  if 

attributed  by 

Biermacher  to  the  decrease  of  the  sensitivity  of  the  infrared-sensitive  plate  in  the 
orange.  The  values  in  Table  23.1  B  are  supposed  to  be  the  correct  ones;  they  are  not 
used  here,  to  preserve  the  consistency  of  Table  24.11. 


bands.  The  strong  shift  of  peak  I  is  due  to  self-absorption.  French 
(1954)  found  it  at  (575  m n  in  a  faintly  green,  and  at  685  mp  in  a  dark-green 
leaf.  The  intensity  ratio  I ; II  was  5:1  in  the  first,  and  1 : 1  in  the  second, 
case. 

"V  ermeulen,  Wassink  and  Reman  (1937)  gave  spectrophotometric 
curves  of  the  fluorescence  ol  the  alga  Chlorella  (chlorophyll  a  -j-  b)  and  the 
bacterium  Chromatium  (bacteriochlorophyll),  which  are  reproduced  in 
figures  24.2  and  24.3.  Chlorella  shows  a  peak  at  680  m p  and  only  a  shoulder 
at  '40  mp.  Duysens  (1951)  found  that,  even  in  light  absorbed  by  chloro¬ 
phyll  b,  Chlorella  shows  only  the  fluorescence  of  chlorophyll  a— indicating 
efficient  energy  transfer  from  b  to  a. 


fFljT;24'2*  Fluorescence  spectrum 
Chlorella  suspension  (after  Ver- 
meulen,  W  assink  and  Reman  1937). 


Fig.  24.3.  Fluorescence  spectrum  of  Chro 
matium  suspension  (after  Vermeulen,  Was¬ 
sink  and  Reman  1937). 
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Comparison  of  the  figures  24.3  and  23.4  shows  that  the  displacement  of 
the  fluorescence  band  is  much  stronger  in  the  purple  bacteria  than  in 
green  plants.  The  fluorescence  spectrum  of  live  Chromatium  shows  only 
one  band,  at  926  m/x,  while  that  of  the  extract  contains  two  bands,  at  806 
and  695  niju,  respectively.  It  was  mentioned  on  page  751  that  the  first 
and  more  intense  of  these  two  bands  can  be  correlated  with  the  main  ab¬ 
sorption  band  of  extracted  bacteriochlorophyll,  at  770  m/x,  but  that  the 
correlation  of  the  695  m/x  fluorescence  band  with  the  605  m/x  absorption 
band  is  doubtful.  Absorption  spectra  of  live  purple  bacteria  show  two 
(or  three)  absorption  bands,  at  860-870  and  800  m/x,  respectively  ( cf .  p. 
702);  but  here  again,  only  the  first  one  can  be  identified  with  the  main 
X  — *  Z  absorption  band  of  dissolved  bacteriochlorophyll  (at  770  m/x),  while 
the  identification  of  the  second  one — which  is  comparatively  weak  and 
variable  in  intensity — with  the  X  — >  Y  band  at  605  m/x  is  uncertain  (cf. 
page  702).  The  relation  between  the  fluorescence  and  the  absorption 
bands  of  bacteriochlorophyll  is  illustrated  by  Table  24.1 1  A.  The  table 
shows  that  the  fluorescence  band  I  in  vivo  is  shifted  toward  the  infrared  by 
as  much  as  120  m/x,  compared  to  the  position  of  the  fluorescence  band  in 
vitro,  and  by  about  60  m/x  compared  to  the  position  of  the  corresponding 
absorption  band  in  vivo. 


Table  24.1 1 A 


Spectra  of  Bacteriochlorophyll  in  1  itro  and  in  l  wo 


Band 

I,  m/i 
(V  —  Z) 

11,  m/i 
(X  —  Y ) 

Ill,  m/u 

? 

Absorption 

Cell . 

860-870 

— 

3UU 

Extract . 

770 

605 

— 

Fluorescence 

Cell . 

926 

— 

Extract . 

806 

605  (?) 

This  tabulation  indicates  that,  in  the  living  cell,  bacteriochlorophyll 
fails  to  show  one  absorption  band  and  one  fluorescence  band  that  are  found 
in  extracts,  but  shows  one  (or  two)  extra  absorption  bands,  without 
corresponding  fluorescence  bands,  which  have  no  counterpart  in  the 
solution  spectrum.  Duysens  (1951)  confirmed  that  Cliromalium  and 
Rhodospirillum  show  only  one  fluorescence  hand,  correlated  with  the 
absorption  band  at  890  Absorption  in  the  800  and  850  mu  banc  s 

contributes  to  the  excitation  of  this  fluorescence  band;  so  does-with  a 
50-70%  lower  efficiency— the  absorption  by  cartenoids.  Excitat 
energy  is  thus  transferred  from  all  pigments  of  the  bacteria  to  the  bacteno- 
chlorophyll  form  having  the  lowest  excitation  energy. 
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The  fluorescence  of  green  bacteria  ( Chlorobium  mirable),  probably  due 
to  “bacterioviridin”  (cf.  Vol.  I,  p.  407),  was  observed  by  Buder  (1913). 

A  fluorescence  band  at  635  m/x,  noted  by  French  (1951)  in  a  partially  green  leaf  could 
be  due  to  photochlorophyll,  whose  absorption  band  lies  at  620-630  m/x  in  ether.  French 
estimated  its  position  in  vivo  as  650  him  (from  the  action  spectrum  of  chlorophyll  forma¬ 
tion),  but  noted  that  this  is  incompatible  with  the  location  of  the  fluorescence  at  635  m/x. 

The  fluorescence  of  the  phycobilins  in  red  and  blue-green  algae  is  of 
great  interest,  because  it  permits  a  study  of  the  interaction  of  two  different 
fluorescent  pigments  in  one  cell.  The  first  photograph  of  the  fluorescence 
spectrum  of  Rhodymenia,  made  by  Dhere  and  Fontaine  (1931),  showed  one 
band  in  the  orange  (phycoerythrin)  and  one  in  the  red  (chlorophyll  and 
phvcocyanin) . 

Van  Norman,  French  and  Macdowall  (1948)  determined  fluorescence 
curves  of  two  red  algae — Gigartina  and  Iridaea ;  both  showed  three  peaks, 
at  575  m/x  (phycoerythrin,  cf.  p.  799),  655  m/x  (phycocyanin,  cf.  p.  800)  and 
700  m/x  (chlorophyll,  probably  a  +  d,  cf.  below).  French  (1951)  gave  fig. 
24.4  for  Porphyridium :  Only  chlorophyll  fluoresces  when  cells  are  excited 
with  \  436  m/x  or  450  m/x,  i.e.,  by  light  absorbed  by  chlorophyll  and  caro¬ 
tenoids  only.  Phycobilin  bands  develop  with  excitation  by  470,  490,  and 
546  m/x  but,  even  though  most  of  the  incident  light  is  now  absorbed  by 
phycoerythrin,  chlorophyll  fluorescence  remains  strong. 
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The  chlorophyll  a  band  in  fig.  24.4  is  in  the  usual  position— at  685  m/i. 
However,  an  additional  band  is  indicated  at  730  mu)  it  can  be  attributed 
to  chlorophyll  d.  The  weakness  ol  chlorophyll  d  absorption  (mere  ripple 
in  fig.  22.20!)  makes  one  suspect  that  chlorophyll  d  fluorescence  is  excited 
mostly  by  energy  transfer  from  other  pigments.  This  is  strikingly  con¬ 
firmed  by  the  observation,  reported  by  Duysens  (1951),  that  an  “uniden¬ 
tified  pigment” — presumably  chlorophyll  d —  whose  absorption,  in  Por- 


chlorophyll  — ° - °- - c 

phycocyanin  -• — 
sum  of  chlor.  a 
and  phycocyanin 
unknown  pigment 


algae  — - - 

chlorophyll  — 

phycocyanin  — - - 

sum  of  chlor.  a. 

and  phycocyanin - 

unknown  pigment  — 


_ o- - o- - o 


•  —  —  —  ^ 


Figure  24.5 


phyra  lacimata,  is  <  0.1%  of  that  of  chlorophyll  a,  emits,  when  420  my 
is  used  for  excitation,  ten  times  more  fluorescence  than  chlorophy 
(fig  24  5)  With  excitation  by  546  my,  the  chlorophyll  a  band  at  685  my 
is  slightly  higher  than  the  “chlorophyll  d"  band  at  730  ray.  In  agreement 
with  French  (fig.  24.4)  the  phycocyanin  fluorescence  band  at  665  ray  is 
very  weak  in  violet  exciting  light  but  becomes  strong  in  green  lig  it. 

2.  Fluorescence  Yield  and  Sensitized  Fluorescence  in  Vivo 

All  observers  concur  that  the  fluorescence  of  chlorophyll  in  the  living 

H  “weak  ”  but  absolute  measurements  of  its  yield  are  very  fen.  '  e 
cells  is  weak,  ,  determined  the  quantum  yields  of 


fluorescence  yield  in  vivo 
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in  a  suspension  of  diatoms.  In  Chromatium  (a  purple  bacterium)  eimeu- 
len,  Wassink  and  Reman  (1937)  at  first  found  a  much  smaller  yield— 
between  0.005  and  0.01%.  These  values  are  incredibly  low  for  a  “fluores¬ 
cent”  material.  (Theoretically,  the  lowest  yield  to  which  fluorescence 
could  sink  even  in  a  “nonfluorescent”  pigment  is  about  0.001%,  since  the 
ratio  of  the  period  of  a  molecular  vibration  and  the  life-time  of  electronic 
excitation  is  10_12-5/10-7-5  =  10~5.)  A  redetermination  of  the  yield  of 
fluorescence  of  Chromatium  by  Wassink,  Katz  and  Dorrestein  (1942)  in 
fact  gave  considerably  larger  figures — of  the  order  of  0.1%,  i.  e.,  similar  to 
those  found  in  algae.  Self-absorption  may  have  been  the  cause — or  at 
least,  one  cause — of  the  error  of  the  earlier  determinations. 


o  z 
z>  < 


—I  —>  ^  _ 1 _ | _ | _ I _ | 

^  °  400  450  500  550  S00  650 

WAVE  LENGTH,  mM 

Fig.  24. 5A.  Yield  of  fluorescence  of  Chlorella  suspensions  in  relation  to  wave 
length  of  exciting  light  (after  Vermeulen,  Wassink  and  Reman  1937).  4  sets  of 
measurements. 


WAVE  LENGTH, 


24.5B.  Yield  of  fluorescence  of  Chromatium  suspensions  in  relatior 
wave  length  of  exciting  light  (after  Vermeulen,  Wassink  and  Reman  1937) 
sets  of  measurements.  '* 


to 

4 


1  he  yield  of  fluorescence  in  live  blue-green  algae  ( Chroococcus )  was  esti¬ 
mated  by  Arnold  and  Oppenheimer  (1950)  by  a  rather  crude  method  (visual 
comparison  with  the  intensity  of  light  scattered  by  a  block  of  magnesium)  • 

hey  found  it  to  be  of  the  order  of  1.5%-about  ten  times  higher  thanThe 
>ield  of  fluorescence  in  green  cells  Presnmnhlv  ti  •  „  g  an  the 

^r^omlnantly  in  phycoeyanln,  although  c^l^Z 
Interesting  results  were  obtained  in  the  study  of  the  elfect  of  wave 
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length  of  the  exciting  light  on  the  fluorescence  of  live  cells.  Vermeulen, 
Wassink  and  Reman  (1937)  found  that  the  spectral  distribution  of  the  fluor¬ 
escent  light  of  Chlorella  and  Chromatium  is  independent  of  the  wave  length 
of  exciting  radiation.  The  quantum  yield  of  fluorescence  (<p)  also  was  ap¬ 
proximately  constant,  between  442  and  624  m/x  in  Chlorella,  and  between 
450  and  750  m/x  in  Chromatium.  However,  a  slow  systematic  decrease  of 
<p  was  observed  in  Chlorella  at  the  shorter  waves — a  trend  that  became 
accelerated  below  424  m/x  (fig.  24. 5A).  In  Chromatium,  maxima  and 
minima  of  <p  were  observed  in  two  or  three  places  in  the  visible  spectrum 
(fig.  24. 5B).  The  Dutch  investigators  concluded  from  these  observations 
that  the  quantum  yield  of  chlorophyll  fluorescence  in  vivo  does  not  depend 
on  wave  length  except  when  carotenoids  interfere  with  the  light  absorption 
by  chlorophyll  or  bacteriochlorophyll.  In  green  plants,  this  occurs  only 
below  520  m/x;  the  carotenoids  of  purple  bacteria,  on  the  other  hand,  have 
absorption  bands  in  the  green,  yellow  and  orange  ( cf .  Table  21. IX  and 
fig.  22.27),  and  these  bands  could  perhaps  account  at  least  for  the  first 
minimum  of  the  fluorescence  yield  noticeable  in  figure  24. 5B  at  about  550 


m/x. 

While  qualitatively  the  conclusions  of  Vermeulen  and  co-workers  ap¬ 
pear  plausible,  quantitative  considerations  lead  to  some  interesting  compli¬ 
cations.  In  Chlorella,  for  example,  <p  declined,  in  the  violet,  by  only  10  or 
20%,  while  figure  22.43  indicates  that  the  carotenoids  must  account  for  at 
least  one  third  the  total  absorption  in  this  region!  It  thus  appears  as  if 
the  chloroph}dl  fluorescence  can  be  excited,  with  considerable  probability, 
also  by  the  light  absorbed  by  carotenoids!  This  hypothesis  has  been 
strikingly  confirmed  by  experiments  with  fucoxanthol-containing  diatoms. 

The  results  of  these  experiments,  carried  out  by  Dutton,  Manning  and 
Duggar  (1943),  are  shown  in  Table  24. III.  They  indicate  that  the  yield  of 
chlorophyll  fluorescence  is  the  same,  whether  it  is  excited  by  red  light,  ab¬ 
sorbed  exclusively  by  chlorophyll,  or  by  blue-green  light  (470  m/x),  three 
quarters  of  which  probably  is  absorbed  by  carotenoids,  mainly  fucoxan- 
thol  (see  fig.  22.46  and  figs.  30.9B  and  C.  Table  24.III  also  contains 
new  results  with  Chlorella,  which  confirm  the  conclusions  drawn  above  from 
the  earlier  work  of  the  Dutch  observers.  These  results  indicate  that  the 
light  absorbed  by  carotene  and  luteol  is  almost— but  not  quite— as  e  - 
ficient  in  the  excitation  of  chlorophyll  fluorescence  in  green  algae  as  the 
light  absorbed  by  fucoxanthol  in  diatoms.  In  striking  contrast  is  the 
result  of  the  experiment  with  an  aeetomc  extract  from  Nitzschia ,  heie,  hg 
absorbed  by  the  carotenoids  is  completely  lost  for  fluorescence.  1  he  ex¬ 
periment  with  acetonic  solutions  of  chlorophylls  a  and  6  shows  that  the 
quantum  yield  of  chlorophyll  fluorescence  in  solution  does  not  increase  uith 
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the  wave  length  of  exciting  light  between  436  and  578  m/x.  This  pioves 
that  an  increased  yield  of  nonsensitized  fluorescence  of  chlorophyll  in  violet 
light  cannot  be  offered  as  alternative  explanation  of  the  results  of  the  first 
two  experiments.  Excitation  transfer  from  carotenoids  to  chlorophyll 
might  become  possible  in  sufficiently  concentrated  solutions;  we  men¬ 
tioned  on  p.  790  that  Duysens  (1951)  reported  excitation  transfer  from 
chlorophyll  b  to  chlorophyll  a  in  10~3  M  solution  in  acetone. 


Table  24. III.  Direct  and  Carotenoid-Sensitized  Fluorescence  of  Chlorophyll 
in  Diatoms  (after  Dutton,  Manning  and  Diiggar  1943) 


Material 


Excitation 
wave  lengths 
compared,  mp 


Fraction  of 
absorbed  energy 
absorbed 
by  chlorophyll*1 

% 


Ratios  of  fluorescence  yields 
excited  by  the  two  wave  lengths 


Expected  (with¬ 
out  energy 
transfer) 


Observed 


Nitzschia  closterium _ 

470  vs.  578  or 
600 

26  vs. 

95  or  99 

0.27 

1.2 

=4= 

0.2 

436  vs.  578  or 
600 

51  vs. 

95  or  99 

0.53 

1.1 

=4= 

0.2 

Chlorella  pyrenoidosa . . . 

470  vs.  578  or 
600 

52  vs. 

100 

0.52 

1.05 

=fc 

0.04 

436  vs.  578  or 
600 

81  vs. 

100 

0.81 

0.93 

=4= 

0.18 

N.  closterium,  acetone 

extract . 

470  vs.  600 

19  vs.  100 

0.19 

0.22 

=4= 

0.02 

436  vs.  578 

40  vs.  99 

0.40 

0.49 

0.07 

Acetone  soln.  of  Chi 

a  and  b . 

436  vs.  578 

100 

1.0* 

0.97 

=4= 

0.06b 

^  lAuue  approximations  (c/.  cnapter  zz,  page  72b),  but 

it  seems  improbable  that  errors  could  be  large  enough  to  account  for  all  the  differences 
between  the  calculated  and  observed  ratios  in  the  two  last  columns. 

i  The  proportion  oi  light  absorbed  by  these  two  chlorophyll  components  is  nearly 
equal  at  436  and  o78  m/x.  Hence  the  yield  ratio  should  be  approximately  1.0  despite 
differences  m  the  fluorescence  spectra  of  chlorophylls  a  and  b  '  1 


The  experiments  of  Dutton  and  Manning  are  of  importance  for  the 
theory  of  photosynthesis.  They  indicate  that  the  energy  absorbed  by 
some  carotenoids  may  become  available  to  chlorophyll  in  almost  the  same 
measure  as  that  absorbed  directly  by  the  green  pigment.  Thus,  chloro¬ 
phyll  can  play  the  part  of  a  photocatalyst  in  photosynthesis,  even  when 
another  pigment  acts  as  a  “primary-  sensitizer.  Results  similar  to  those 

t  haVe  aIso  been  obtained  by  Wassink  and  Kersten  (1946) 
with  Nitzschia  dissipata. 


Even  more  interesting  are  the  results  obtained  with  red  algae.  Van 

dZl'vlfT  ’  a"d  MZ0WaU  (1948)  first  indications  that 

chlorophyll  fluorescence  in  Gtgarhna  and  Iridaea  can  be  excited  with 

equal  (if  not  higher)  intensity  by  light  absorbed  by  phycoerythrin  (at 

f°  “"j  “  by  llg,ht  absorbed  by  chlorophyll  (at  C50  mM).  Frenfh’s  (1951 ) 
fig.  24.4  clearly  shows  that  light  absorbed  by  chlorophyll  (and,  partly  by 
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carotenoids)  at  430  my,  does  not  excite  the  fluorescence  phycoerythrin  or 
phycocyanin  (curve  a).  Light  absorbed  mainly  by  phycoerythrin,  on  the 
other  hand,  excites  the  fluorescence  not  only  of  both  phycobilins,  but  also 
of  chlorophyll  curves  a,  b,  c.  The  hump  on  the  red  side  of  the  chlorophyll 
a  band  probably  is  due  to  chlorophyll  d  ( cf .  below). 

Duysens’  (1951)  fluorescence  spectra  of  Porphyra  lacincata  (fig.  24.5) 
indicate  that  after  excitation  with  420  my  (absorbed  by  chlorophyll  a  and 
the  carotenoids)  over  90%  of  excitation  energy  is  transferred  to  an  “un¬ 
known  pigment”  (probably  chlorophyll  d);  less  than  10%  of  total  fluo¬ 
rescence  is  emitted  by  chlorophyll  a,  and  only  a  negligible  proportion  by 
phycocyanin.  Excitation  with  546  m^u  (light  absorbed  mainly  by  phyco¬ 
erythrin)  causes  strong  fluorescence  of  both  phycocyanin  and  chlorophyll 
a,  and  a  comparatively  weak  fluorescence  of  “chlorophyll  d Duysens 
interpreted  these  results  as  indicating  the  existence,  in  red  algae,  of  two 
kinds  of  pigment  complexes:  the  largest  part  of  chlorophyll  a  he  suggested, 
must  be  coupled  with  chlorophyll  d,  and  transfer  practically  all  excitation 
energy  to  the  latter  pigment,  although  it  is  present  in  such  a  small  amount 
as  to  be  hardly  noticeable  in  the  absorption  spectrum  at  all  (cf.  p.  812). 
A  small  part  of  chlorophyll  a,  not  coupled  with  chlorophyll  d,  appears  to 
be  associated  with  the  phycobilins,  and  serves  as  ultimate  recipient  of  the 
major  part  of  quanta  absorbed  by  them.  French’s  results  indicate  that 
the  extent  of  energy  “leak”  into  chlorophyll  d  must  vary  widely  from 
species  to  species.  In  chapter  29,  this  hypothesis  will  be  tied  up  with  the 
results  of  quantum  yield  determinations  by  Haxo  and  Blinks,  who  noted 
a  low  photosynthetic  efficiency  of  light  absorbed  by  chlorophyll  in  some 
red  algae.  In  chapter  32,  we  shall  explore  whether  the  paradoxical  fact 
that  fluorescence  of  chlorophyll  a  can  be  excited  more  strongly  by  light 
absorbed  by  phycobilins  than  by  light  absorbed  by  chlorophyll  a  itself, 
could  be  explained  without  Duysens’  assumption  of  two  different  pigment 
complexes  in  red  algae. 

The  general  rule,  indicated  by  the  above-described  fluorescence  experi¬ 
ments,  is  that  plant  cells  contain  one  (sometimes,  perhaps,  two)  pigment 
complex  in  which  light  energy  absorbed  by  any  one  component  tends  to 
flow  into  the  component  with  the  lowest  excitation  level,  and  is  therefore 
remitted  mainly  as  fluorescence  of  the  latter- even  if  it  is  present  in  a  very 

low  relative  concentration.  oinW,  ,  „ 

This  picture  is  supported  by  Duysens’  observations  (p.  810)  that  all 
energy  absorbed,  in  purple  bacteria,  by  some  carotenoids  or  by  different 
forms  of  bacteriochlorophyll,  flows  into  the  form  of  bactenochlorophyll 
that  has  the  lowest  excited  level. 

On  page  801,  we  mentioned  the  increase  in  the  intensity  of  the  phyco- 
bilin^  fluorescence  observed  by  Arnold  and  Oppenheimer  (1950)  upon 
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breaking  Croococcus  cells  under  water,  and  their  interpretation  of  this  effect 
as  a  consequence  of  suppression  of  energy  transfer  from  excited  phycobilin 
molecules  to  chlorophyll  molecules,  caused  by  dilution. 

If  we  assume  that  all  chlorophyll  in  the  cells  is  present  in  the  same  form, 
then  a  fluorescence  yield  y  means  the  shortening  of  the  normal  life-time  ol 
the  excited  state,  to,  to  r  =  <pro-  In  the  case  of  chlorophyll  in  Chlorella, 
assuming  ro  =  8  X  10“8  sec.  (page  634),  we  obtain: 

(24.1)  T  =  (1.5  to  3  X  10-3)  X  8  X  lO"8  =  (1.2  to  2.4)  X  10~10  sec. 


and  in  the  case  of  bacteriochlorophyll  in  Chromatium,  assuming  the  same 
value  of  r0: 

(24.2)  r  =  7  X  10-3  X  8  X  10~8  =  0.6  X  10~10  sec. 


Two  factors  may  determine  the  life-time  of  excited  chlorophyll  mole¬ 
cules  in  live  cells,  and  thus  account  for  the  above-calculated  small  values  of 
r:  “normal”  energy  dissipation  in  the  pigment-protein-lipide  complex 
(chioroplastin)  and  quenching  (or  stimulation)  of  fluorescence  by  metabolic 
processes.  The  latter  phenomena  may  themselves  be  of  two  kinds :  direct 
“photochemical  quenching”  by  competition  between  sensitized  photo¬ 
chemical  reaction  and  fluorescence,  and  indirect  quenching  (or  stimulation) 
of  fluoiescence  due  to  the  metabolic  formation  of  substances  that  diminish 
(01  enhance)  the  fluorescence  of  chlorophyll.  Observations  described  in 
section  3  can  be  interpreted  as  revealing  changes  in  the  general  structure 
of  the  chioroplastin  complex,  while  in  section  4 — and,  in  more  detail,  in 
chapters  27,  28  and  33  we  will  discuss  variations  in  intensity  of  fluores¬ 
cence  closely  associated  with  participation  of  chlorophyll  in  photosynthesis. 


3.  Effects  of  Heat  and  Humidity  on  Chlorophyll  Fluorescence  in  Vivo 

It  has  been  found  that,  when  chloroplast  sediments  (Noack  1927)  or 
ive  leaves  (Seybold  and  Egle  1940)  are  placed  in  hot  water,  their  fluorescence 

^t^m0S7rTately;  at  thC  Same  Ume>  the  red  absorption  band 

perature  “v^riTlT'  .  ™S  occurs  at  a  tern- 

w  ‘  ^  ^eaves  are  kept  in  hot  water  for  several 

minutes,  fluorescence  reappears,  but  the  absorption  band  remains  in  the 

if  ed  pos,  ,„n  Metzner  (1937)  probably  dealt  with  the  same  phenom! 
<  non  when  he  described  a  “burst”  of  fluorescence  caused  by  heating  the 
chloroplast*  under  the  fluorescence  microscope  g 

cence'of  fresh  ££*?*?  <1940)-  ***  extinguishes  the  fluores- 

I  icsh  leaves,  but  not  that  of  leaves  killed  by  boiling.  The  fluores- 
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cence  of  some  plants  is  highly  sensitive  even  to  minor  changes  in  humidity : 
for  example  the  fluorescence  of  Pleurococcus  colonies  on  wood  bark  van¬ 
ished  after  one  or  two  hours  in  an  atmosphere  of  less  than  80%  relative 
humidity  (at  25°  C.) ;  while  the  fluorescence  of  Mnium  punctatum  disap¬ 
peared  when  the  humidity  declined  below  85%.  The  fluorescence  of  the 
leaves  of  Adiatum  and  Paretaria  was  found  to  be  somewhat  less  sensitive, 
but  it,  too,  ceased  to  be  visible  after  one  or  two  days  in  an  atmosphere  of 
75%  relative  humidity. 

The  fluorescence  of  sharply  dried  leaves  cannot  be  restored  by  simple 
wetting,  but  returns  upon  immersion  into  boiling  water.  A  similar  trans¬ 
formation  of  the  “sensitive”  fluorescence  of  live  cells  into  the  “stable” 
fluorescence  of  dead  cells  can  be  achieved  by  freezing  or  immersion  into 
ether.  In  the  latter  case,  the  fluorescence  after  the  treatment  is  consider¬ 
ably  stronger  than  it  was  in  the  living  state. 

Seybold  and  Egle  interpreted  these  results  as  indication  that  practically 
all  chlorophyll  in  leaves  is  present  in  a  nonfluorescent  (probably,  protein- 
bound)  state,  but  that  a  small  fraction  of  the  pigment  is  dissolved  in  a 
lipide  phase,  and  therefore  capable  of  fluorescence.  They  suggested  that, 
upon  drying,  the  fraction  of  chlorophyll  normally  present  in  the  lipide 


phase  is  transferred  into  the  colloidal  aqueous  phase,  while,  upon  heating, 
chlorophyll  is  first  extracted  from  the  lipide  phase  into  the  colloidal  pro¬ 
teinaceous  phase  (thus  causing  the  fluorescence  to  disappear),  but  later 
returns  into  the  lipophilic  material  (concomitantly  with  the  denatura- 
tion  of  the  proteins  and  melting  of  lipides),  and  thus  again  becomes  fluores¬ 
cent.  (Metzner  1937  also  had  attributed  the  “burst  of  fluorescence 
caused  by  heating  to  the  melting  of  the  lipides.)  Undei  lying  this  tw  o 
phase”  hypothesis  of  Seybold  and  Egle  was  the  conviction  that  all  chloro¬ 
phyll-protein  complexes  are  nonfluorescent.  However,  while  this  seems 
to  be  true  enough  of  pure  chlorophyll-protein  precipitates  (c/.  page  775), 
it  does  not  apply  to  complexes  which  contain  both  proteins  and  lipides 
(e.  g.,  to  “coacervates”  of  the  type  described  by  Hubert  and  Frey- Wyssling; 
cf.  chapter  23,  page  777).  Seybold  and  Egle’s  argument  is  therefore  not 
convincing.  The  effects  of  heating  and  drying  on  chlorophyll  fluorescence 
in  vivo  can  be  explained  in  a  much  simpler  way  than  suggested  by  Seybo  d 
and  Egle:  by  assuming  that  the  pigments  normally  contained  m  a  weakly 
fluorescent  protein-chlorophyll-lipide  complex  lose  the  protection  against 
self-quenching  (and  therefore  become  nonfluorescent),  when  the  lipides 
melt  in  the  heat  and  form  a  separate  phase,  but  diffuse  into  this  new  phase 
if  the  pigment-protein  link  is  broken  by  denaturation  (e.  g.,  y  8°™®w 
more  prolonged  heating)  and  thus  again  become  fluorescent  The  dn- 
placement  of  the  fluorescence  bands  of  chlorophyll  in  living  es(  y  • 

L  toward  longer  waves  from  their  position  in  organic  solvents)  agrees 
with  the  assumption  that  fluorescence  is  emitted  by  the  same  chlorop  y 

sible  for  the  (similarly  displaced)  absorpt.on  bands. 
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Seybold  and  Egle,  on  the  other  hand,  had  to  attribute  the  fluorescence 
bands  to  the  fraction  of  chlorophyll  dissolved  in  a  lipide,  and  the  absorp¬ 
tion  bands  to  the  bulk  of  chlorophyll  present  in  a  protein-bound  colloidal 
state.  Therefore  their  theory  was  predicated  on  the  contention  that  the 
fluorescence  band  of  chlorophyll  is  shifted  in  lipides  toward  the  longer 
waves  much  more  strongly  than  the  corresponding  absorption  band.  This 
hypothesis  was  characterized  as  implausible  on  page  746. 

To  sum  up,  there  seems  to  be  no  reason  to  attribute  the  fluorescence  of 
living  plants  to  a  small  fraction  of  chlorophyll  molecules,  present  in  a 
strongly  fluorescent  solution,  rather  than  to  the  whole  mass  of  the  pigment 
forming  a  weakly  fluorescent  complex  with  proteins  and  lipides  (including 
the  carotenoids).  The  close  relationship  between  fluorescence  intensity  and 
rate  of  photosynthesis,  which  will  be  discussed  in  the  next  section,  also 
indicates  that  fluorescence  is  a  property  not  of  a  small  fraction  but  of  the 
bulk  of  chlorophyll  in  the  cell. 


4.  Variations  of  Chlorophyll  Fluorescence  Related  to  Photosynthesis 

In  the  preceding  section,  we  discussed  chlorophyll  fluorescence  in  vivo 
in  relation  to  what  may  be  called  the  gross  state  of  the  green  pigment  in  the 
living  cell— its  high  concentration  and  its  simultaneous  association,  in  the 
chloroplastin,  with  proteins  and  lipides.  The  effects  of  drying,  heating, 
boiling  oi  immeision  in  ether,  described  in  that  section,  can  be  assumed  to 
be  indicative  of  a  partial  or  complete  disintegration  of  the  chloroplastin. 

In  the  piesent  section,  we  will  deal  with  reversible  changes  in  the  yield 
of  fluorescence  that  are  more  or  less  closely  associated  with  photosensitizing 
activity  and  can  be  assumed  to  occur  without  essential  changes  in  the  com¬ 
position  and  structure  of  chloroplastin. 

Kautsky  discovered  in  1931  that  rapid  changes  in  the  intensity  of 
fluorescence  of  leaves  occur  during  the  first  seconds  and  minutes  of  illum¬ 
ination  after  a  period  of  darkness,  and  bear  definite  relation  to  the  pre¬ 
viously  known  changes  of  the  rate  of  photosynthesis  during  this  “induc- 

i0931P19408l'  FSub*qUe.nt  inv<*tigations  by  Kautsky  and  co-workers 
(19401  and  .a',  C°-'vorkers  (1934-1949),  McAlister  and  Myers 

Dorrestein  eLf  a?37  tofm  ?  °f  mvestl6ators  (Omstein,  Wassink,  Katz, 

interrelation  between  the  intensity  of  fluorescence 

n  'the  i  d  TtheSiS-  ,™S  be  observed  no“- 

g  the  induction  period,  but  also  in  the  steady  state.  Factors  such  as 

phiCS’,1;":/  “Tf  °f  re“  that  ‘ak*  P-t  in 

are  found  to  affect  significantly  the  yields  a'ld  nfrCOt,cs 

synthesis.  y  1  both  fluorescence  and  photo- 

The  close  interrelation  of  the  fluorescence  of  chlorophyll  and  its  photo- 
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sensitizing  activity  (revealed  through  parallel  measurements  of  the  yields 
of  photosynthesis  and  fluorescence)  has  made  fluorescence  measurements 


an  important  tool  in  the  kinetic  analysis  of  photosynthesis.  We  will 
therefore  restrict  ourselves  in  the  present  chapter  to  some  general  considera¬ 
tions  of  this  relationship,  postponing  more  detailed  description  of  experi¬ 
mental  results  and  their  interpretation  to  the  several  chapters  in  part  IV 
dealing  with  the  effects  of  light  intensity,  temperature,  carbon  dioxide  and 
other  external  factors,  on  the  kinetics  of  photosynthesis. 

Fluorescence  is  one  of  the  several  ways  in  which  excited  chlorophyll 
molecules  can  dispose  of  their  energy.  Others  include  energy  dissipation 
(conversion  into  vibrational  energy  and  ultimately  into  heat),  and  photo¬ 
chemical  reactions  (either  involving  the  chlorophyll  molecule  itself,  or  sen¬ 
sitized  by  it).  The  intrinsic  capacity  of  the  excited  chlorophyll  molecule 
to  fluoresce  (the  monomolecular  fluorescence  constant  kf,  or  its  reciprocal, 
the  “natural  life  time”  of  the  excited  state,  77)  can  be  considered  as  con¬ 
stant  as  long  as  the  absorption  spectrum  of  the  chlorophyll  molecule  re¬ 
mains  essentially  unchanged.  The  intrinsic  capacity  for  energy  dissipa¬ 
tion  (the  monomolecular  dissipation  constant  fc,)  and  the  rate  of  energy  loss 
through  chemical  reactions  (rate  constants  k*,  k*A. . . ,  which  can  be  mono¬ 
molecular  or  bimolecular)  are,  on  the  other  hand,  subject  to  changes  de¬ 


pending  on  the  association  of  the  chlorophyll  molecule  with  other  molecules 
before  excitation,  and  on  its  encounters  with  other  molecules  during  excita¬ 
tion  (as  discussed  in  the  sections  of  chapter  23  dealing  with  the  quenching 
and  self-quenching  of  chlorophyll  fluorescence  in  vitro).  The  variations  of 
chlorophyll  fluorescence  in  vivo  associated  with  variations  in  the  rate  of 
photosynthesis  must  therefore  be  attributed  to  changes  in  the  composition 
or  structure  of  the  chlorophyll-bearing  molecular  complex  (and  consequent 
alterations  in  the  values  of  monomolecular  constants  of  dissipation  and 
chemical  quenching),  and  to  changes  in  the  probability  of  the  chlorophyll 
complex  encountering,  during  the  excitation  time,  molecules  capable  o 
serving  as  effective  “physical”  or  “chemical”  quenchers  (and  consequent 
alterations  in  the  values  of  bimolecular  constants  of  quenching). 

The  several  more  or  less  detailed  interpretations  of  fluorescence  changes 
in  photosynthesizing  plants,  which  have  been  suggested,  all  are  based  on 
these  general  ideas  but  differ  in  emphasis  laid  on  one  or  the  other  specific 
mechanism  of  quenching.  Some  (Kautsky;  Wassink  and  Katz)  attribute 
the  main  function  to  “chemical  quenching”  by  the  reactants  taking  par 
in  photosynthesis,  and  consider  each  increase  in  fluorescence  as  evidence  of 
a  decrease  in  the  efficiency  of  the  sensitized  photochemical  process  (a 
consequent  decline  of  chemical  quenching),  and  each  decrease  in  fluores¬ 
cent  evidence  of  increased  efficiency  of  utilization  of  excitation  energy 
for  the  sensitized  photochemical  reactions  (and  consequent  incieas. 
Chemt.  quenching).  Others  (Franck)  see  the  most  important  cause  of 
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changes  in  fluorescence  intensity  in  the  formation  of  chlorophyll  complexes 
with  surface-active  substances  (“narcotics”)  which  slow  down  eneigy  dis¬ 
sipation,  and  at  the  same  time  inhibit  photochemical  sensitization  by  pre¬ 
venting  photosensitive  substrates  from  reaching  the  chlorophyll.  This 
amounts  to  a  weakening  of  both  processes  (sensitization  and  dissipation) 
which  compete  with  fluorescence;  whereas  in  theories  of  the  first-mentioned 
type,  only  one  competing  process  (sensitization)  is  affected,  while  the  other 
two  (dissipation  and  fluorescence),  profit  equally  by  the  elimination  of  a 
common  competitor. 

We  will  now  describe  more  specifically  the  several  suggested  mechanisms 
of  interrelation  of  fluorescence  and  photosynthesis  beginning  with  the  pic¬ 
ture  used  in  Volume  1  (chapter  19). 

In  scheme  19. Ill  (Vol.  I,  page  547)  we  attempted  to  represent  the  prob¬ 
able  relationship  between  sensitization  and  fluorescence  of  chlorophyll  in 
vivo.  This  scheme  was  formulated  primarily  for  the  interpretation  of 
sensitized  photoxidation,  but  essentially  similar  conditions  may  be  as¬ 
sumed  to  prevail  in  photosynthesis  as  well.  The  primary  process  wTas  as¬ 
sumed  in  chapter  19  to  be  a  “tautomerization”  of  the  complex  X. Chi. HZ 
(formed  by  association  of  chlorophyll  with  oxidant  X  and  reductant  HZ) : 

(24.3)  X •  Chi •  HZ - — >  X-Chl*-HZ - >  HX-Chl-Z 


In  photosynthesis,  this  primary  process  must  be  followed  by  secondary, 
catalytic  reactions,  in  which  HX  is  oxidized  back  to  X  (directly  or  indi¬ 
rectly)  by  the  carbon  dioxide-acceptor  compound,  {C02}  *,  and  Z  is  reduced 
back  to  HZ  (directly  or  indirectly)  either  by  water  (in  ordinary  photosyn¬ 
thesis  of  green  plants)  or  by  reductants  such  as  H2,  H2S  or  thiosulfate  (in 
the  photosynthesis  of  purple  bacteria). 

In  this  picture,  variations  in  fluorescence  can  be  related  to  those 
in  photosynthesis  in  both  the  above-mentioned  wrays — by  means  of 
primary  changes  in  the  probability  of  sensitized  chemical  reaction,  and 
by  means  of  primary  change  in  the  rate  of  dissipation  of  energy  in  the 
chlorophyll-bearing  complex.  If  the  dissipation  rate  is  constant, 
fluorescence  is  an  indicator  of  the  efficiency  with  which  the  excitation  en- 

ojSoi°f  t!.0r0pty"  is  used  for  the  Primary  photochemical  process  (equation 
24.3) .  Whenever  the  latter  process  is  retarded  for  one  reason  or  another 
^  e  sum  of  the  probabilities  of  the  two  competing  processes— fluorescence 

WK  qna  dlSSlpatlon  ot  the  excitation  energy— increases  correspond- 
ngjy.  Since  fluorescence  and  internal  energy  dissipation  are  two  alterna- 

plorZm  Flu  '  tln  ***  °f  b°th  wU1  he  chanSed  in  the  same 

pioportion.  Fluorescence  thus  becomes  an  index  of  the  yield  of  the  pri 

maiy  photochemical  process,  even  though  the  absolute  yield  of  fluorescence 
rixT.LLc  thC  SOCOn<kry  r°acti0n  is  «*>  replacement  of  a  mduced  by  a 
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( <  1%)  is  much  too  small  to  make  it  a  significant  competitor  of  this  process, 
h  or  example,  if  the  yield  of  the  primary  photochemical  process  drops  from 
80  to  40%,  and  the  sum  of  the  yields  of  dissipation  and  fluorescence  there¬ 
fore  increases  from  20  to  60%,  the  yield  of  each  of  these  two  processes  will 
increase  by  a  factor  of  3.  If  the  yield  of  fluorescence  was  <p  =  0.2%  be¬ 
fore  it  will  become  0.6%  afterward. 

The  occurrence  of  anti  parallel  changes  of  the  yields  of  fluorescence  and 
photosynthesis  was  discovered  by  Kautsky  in  his  investigations  of  the  in¬ 
duction  period  (for  an  example,  cf.  fig.  33.19A),  and  we  now  know  that  this 
type  of  correlation  is  quite  common,  both  in  induction  phenomena  and  in 
the  steady  state.  However,  the  relation  between  the  yields  of  photosyn¬ 
thesis  and  fluorescence  is  not  always  that  of  antiparallelism.  Sometimes, 
yield  of  photosynthesis  changes  strongly  without  an  appreciable  change 
in  yield  of  fluorescence  (cf.,  for  example,  fig.  28.24  in  which  “light  satura¬ 
tion”  of  photosynthesis  has  no  counterpart  in  the— steadily  increasing — 
intensity  of  fluorescence).  In  other  cases,  e.  g.,  in  some  types  of  induction 
phenomena,  photosynthesis  and  fluorescence  both  change  in  the  same  di¬ 
rection  (cf.  fig.  33.22C).  The  picture  of  the  mechanism  of  photosynthesis 
used  above  to  explain  the  usual  antiparallelism  of  photosynthesis  and 
fluorescence  can,  however,  be  used  also  to  explain  how  exceptions  from  this 
antiparallelism  can  arise. 

In  the  first  place,  fluorescence  competes  only  with  the  'primary  photo¬ 
chemical  reaction — not  with  the  over-all  process  of  photosynthesis.  The 
rate  of  photosynthesis,  as  measured  by  the  liberation  of  oxygen  or  consump¬ 
tion  of  carbon  dioxide,  often  is  determined,  not  (or  not  only)  by  the  ef¬ 
ficiency  of  the  primary  photoprocess,  but  also  by  the  rate  of  one  or  several 
of  the  associated  dark,  catalytic  reactions.  Among  these  are  reactions 
that  convert  the  primary  photoproducts  into  the  stable  end  products  of 
photosynthesis.  When  these  “finishing”  reactions  are  too  slow  to  keep 
pace  with  the  primary  photochemical  process  (a  situation  that  may  arise, 
for  example,  in  excessively  strong  light,  or  at  low  temperature,  or  in  the 
presence  of  certain  poisons),  the  primary  photoproducts  will  accumulate  to 
a  certain  extent,  but  will  then  disappear  by  back  reactions.  The  quantum 
yield  of  photosynthesis  will  thus  be  reduced,  but  that  of  fluorescence  neec 
not  be  affected  at  all,  since  the  primary  photochemical  process  whic 
alone  competes  with  fluorescence— continues  at  full  speed  This  can 
explain  the  occurrence  of  light  saturation  of  photosynthesis  without  simul¬ 
taneous  increase  in  the  yield  of  fluorescence  (a  phenomenon  to  which  we 

b^lVvolume1 Kfor  example,  chapter  7)  we  have  considered  in .addition 


to 

on 


“finishing”  dark  reactions  (which,  as  just  stated,  are  likely  to  have  noeffect 
,  fluorescence  at  all),  also  catalytic  reactions  of  “preparatory”  character, 


CHLOROPHYLL  FLUORESCENCE  AND  PHOTOSYNTHESIS 


823 


such  as  the  binding  of  carbon  dioxide  by  an  “acceptor,”  to  form  a  compound 
designated  as  {C02}.  These  reactions  “prepare”  the  reactants  for  their 
participation  in  the  photochemical  reaction  proper.  If  one  of  the  prepara¬ 
tory  reactions  ceases  to  keep  pace  with  the  primary  photochemical  process 
(equation  24.3),  the  conversion  of  the  primary  photoproduct  IiX-ChlZ 
back  into  the  photosensitive  form  X- Chi -HZ  will  be  retarded.  If  the 
supply  of  the  oxidant,  {C02{,  is  too  small,  while  that  of  the  reductant, 
{H2Oj  (or  of  substitute  reductant s  in  bacterial  metabolism),  is  ample, 
the  chlorophyll-oxidant-reductant  complex  may  accumulate  in  the  re¬ 
duced  form,  HX-Chl-HZ.  If  the  supply  of  the  oxidant  is  ample,  but  that 
of  the  reductant  is  limited  (a  situation  which  can  easily  be  realized  in  experi¬ 
ments  with  bacteria),  the  complex  will  accumulate  in  the  reduced  form, 
X  •  Chi  •  HZ.  Both  forms  are  stable,  because  they  cannot  be  transformed  into 
the  photosensitive  form  X  •  Chi  •  HZ  by  simple  back  reaction,  and  photostable 
because  they  cannot  undergo  the  primary  photochemical  process  (equation 
24.3).  The  accumulation  of  either  of  them  is  likely  to  enhance  fluorescence. 
It  seems,  in  fact,  that  all  factors  (such  as  C02-starvation  or  cyanide  poison¬ 
ing)  which  limit  severely  the  carboxylation  reaction  C02  — >  [C02]  normally 
increase  the  yield  of  fluorescence,  and  that  the  same  is  true  of  the  factors 
limiting  the  supply  ol  the  reductant  (H2,  H2S  or  thiosulfate)  in  purple  bac¬ 


teria. 


C  onsiderations  of  this  kind  could  explain  why  light  saturation  of 
photosynthesis  is  accompanied  by  an  increase  in  the  yield  of  fluorescence 
m  some  cases  (namely,  when  saturation  is  caused  by  the  limited  velocity  of 
a  “preparatory”  reaction),  and  has  no  effect  on  the  yield  of  fluorescence  in 
others  (namely,  when  it  is  due  to  the  limited  rate  of  a  “finishing”  reaction). 

Closer  consideration  of  the  picture  also  could  explain  why,  when  changes 
in  the  yield  of  photosynthesis  are  correlated  with  changes  of  floor^n^ 


Z  Wliy  wns  snould  always  be  true.  The 


ability  (rate  constant)  of  internal 


a  priori  prob- 
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of  the  primary  photochemical  process,  and  the  net  result  will  be  a  simul¬ 
taneous  decline  in  the  yields  of  both  fluorescence  and  photosynthesis. 
(In  other  words,  fluorescence,  freed  of  one  of  its  two  competitors— the 
primary  photoprocess — will  face  a  stronger  second  competitor — internal 
dissipation  and  will  suffer  a  net  loss.)  The  energy-dissipating  properties 
of  the  chlorophyll-containing  complexes  may  differ  somewhat  in  different 
species  and  even  strains  (otherwise,  the  yield  of  fluorescence  would  be  ex¬ 
actly  the  same  in  all  plants) ;  this  may  explain  why  the  rationing  of  carbon 
dioxide  (or  outright  starvation)  apparently  has  a  different  effect  on  fluores¬ 
cence  in  leaves  (investigated  by  Franck,  French  and  Puck  1941  and  Mc¬ 
Alister  and  Myers  1940),  purple  bacteria  (investigated  by  Wassink,  Katz 
and  Dorrestein  1942)  and  diatoms  (investigated  by  Wassink  and  Kersten 


1944).  In  the  first  case,  denial  of  carbon  dioxide  caused  a  considerable 
increase  of  at  high  light  intensities  (c/.  figs.  28.25,  page  1048);  in  the 
second  case,  it  caused  a  slight  increase  of  <p  at  moderate  intensities  and  a 
decrease  at  high  intensities  (fig.  28.30);  in  the  third  case,  <p  declined  in 
strong  light  in  the  presence  of  carbon  dioxide,  but  remained  constant  in  the 
absence  of  carbon  dioxide  (fig.  28.28). 

The  primary  photochemical  process  can  be  retarded  not  only  by  a  defi¬ 
ciency  of  reactants,  e.  g.,  { C02 }  or  thiosulfate,  which  are  needed  to  restore 
the  photosensitive  complex,  but  also  by  narcotization,  that  blankets  the 
complex  and  prevents  its  contact  with  the  reactants.  In  this  case,  too, 
one  can  expect  a  simultaneous  effect  on  the  probability  of  internal  dissipa¬ 
tion — this  time  in  the  direction  of  making  the  dissipation  slower.  Narcotics 
are  therefore  likely  to  enhance  fluorescence  in  a  twofold  way:  by  prevent¬ 
ing  “chemical  quenching”  by  the  primary  photochemical  process,  and  by 
exercising  a  “protective”  action  of  the  type  discussed  in  chapter  23,  (page 
776),  i.  e.,  by  “wrapping  in”  the  excited  molecules,  and  weakening  in  this 
way  all  energy-dissipating  interactions  with  neighboring  molecules. 

According  to  Franck  et  at.  (1941,1947,1949),  formation  of  protective 
“narcotic”  layers  can  be  brought  about  by  supplying  plants  externally 
with  substances  such  as  chloroform  or  urethan,  and  also  by  metabolic 
reactions— particularly  those  occurring  under  anaerobic  conditions.  Such 
“internal”  narcotization  effects  are  supposed  by  Franck  and  co-workers  to 
be  responsible  for  the  induction  effects  after  an  extended  period  of  darkness 
(see  later  in  chapter  33),  for  the  inhibition  of  photosynthesis  by  anaerobic 
incubation  (cf.  chapter  13,  Vol.  I,  and  chapter  33  in  Part  2)  and  for  the 
“midday  depression”  (cf.  chapter  26,  page  873).  In  all  these  cases,  cessa¬ 
tion  or  retardation  of  photosynthesis  is  accompanied  by  enhancement  of 
fluorescence,  and  the  effect  on  fluorescence  often  is  considerably  stronger 
than  could  be  attributed  to  the  limitation  of  the  primary  photochemical 


process. 
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In  the  case  of  inhibition  of  photosynthesis  by  anaerobic  incubation  in 
the  dark,  the  “narcotic”  appears  to  be  a  fermentation  product,  an  acid, 
since  its  effect  can  be  destroyed  by  neutralization.  The  “long”  induction 
period,  and  the  midday  depression,  may  be  due  to  the  accumulation  of 
similar  acids.  The  “short”  induction  period,  on  the  other  hand,  must  be 
associated  more  directly  with  the  intrinsic  mechanism  of  photosynthesis. 
It  has  been  suggested  (by  Gaffron  and  Franck,  see  chapter  33)  that,  in 
this  case,  a  “narcotic”  is  produced  as  a  result  of  partial  oxidation  of  a 
metabolite  (sugar?)  by  the  first  oxidation  product  of  photosynthesis 
(“photoperoxide”  or,  more  generally,  “oxygen  precursor”);  according  to 
Gaffron  and  Franck,  a  transient  accumulation  of  this  product  occurs  in  the 
first  seconds  of  illumination,  because  of  inactivation  in  the  dark  of  the 
enzyme  (or  enzymes,  which  we  called  Ec  and  E0  in  chapter  7),  required  to 
convert  the  oxygen  precursor  into  free  oxygen.  Franck  attributes  to 
similar  “internal  narcotization”  also  most,  if  not  all,  the  fluorescence 
changes  produced  by  depriving  purple  bacteria  of  their  specific  reductants 
(H2,  H2S20.i,  etc.).  He  sees  the  reason  for  the  enhancement  of  fluorescence 
caused  by  this  treatment,  not  (or  not  primarily)  in  the  stoppage  of  the 
primary  photochemical  process  by  lack  of  a  reactant  (and  consequent  in¬ 
crease  in  both  internal  dissipation  and  fluorescence  as  suggested  on  p.  823), 
but  in  the  accumulation  of  photoperoxides  (which  in  the  normal  course 
of  bacterial  photosynthesis,  are  destroyed  by  the  specific  reductants),  and 
consequent  production  and  deposition  on  chlorophyll  of  surface-active 
(narcotic)  substances.  In  this  way,  the  rates  of  both  the  primary  photo¬ 
chemical  process  and  the  internal  dissipation  are  reduced,  and  the  chances 
of  fluorescence  are  correspondingly  increased. 

I  he  effect  on  the  yield  of  fluorescence  of  the  deprivation  of  green  plants 
(01  puiple  bacteria)  of  carbon  dioxide  (or  of  cyanide  poisoning — both 
treatments  have  the  same  primary  result,  namely  reduction  in  the  supply 
of  iC02}  to  the  photochemical  system)  is  less  pronounced  than  the  effect 
of  the  scarcity  of  the  reductants;  but,  contrary  to  the  belief  of  Wassink 
and  his  co-workers,  such  an  effect  undoubtedly  occurs  (c/.  chapter  27,  p. 
•)40.  Heio,  again,  the  enhancement  of  fluorescence  could  be  attributed 
eit  ier  to  declining  rate  of  the  primary  photochemical  process  (and  conse¬ 
quent  increase  in  the  probability  of  both  internal  dissipation  and  fluores¬ 
cence  ,  or  (as  suggested  by  Franck  and  co-workers)  to  the  formation  of 
uhint  T“  narcotic”  by  plwtoxidation,  which  is  known  to  set  in  when 

mimic  Wtah  °  T'hT  •dl°Xlde  al'e  <!Xp0sed  t0  HSht-  ^  anaerobic 
fluorescence  P^’dat.on  cannot  occur  and  CO,  has  less  effect  on 

an  imZtrtd  '“T*”  °f  a  P"***"  layer  of  an  internal  narcotic 
five  T,  r.  ■  7  de™e  the  plants  have  developed  to  prevent  destruc 
photochemical  reactions  from  being  sensitized  by  chlorophyll,  when 
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the  absence  of  reactants,  or  poisoning,  prevents  the  use  of  absorbed  energy 
for  constructive  purposes  (i.  e.,  for  photosynthesis). 

While  Franck’s  theory  emphasizes  the  indirect  mechanism  of  fluores¬ 
cence  changes  associated  with  photosynthesis,  the  Dutch  group  (see 
\\  assink,  Katz  et  al.  1938,  1942,  1949)  use  the  simple  concept  of  competi¬ 
tion  between  the  primary  photochemical  process  and  fluorescence  (-f-  dis¬ 
sipation).  Because  of  the  stronger  effect  on  <p,  in  purple  bacteria,  of  the 
presence  or  absence  of  reductants  (as  compared  to  the  presence  or  absence 
of  the  oxidant,  CO2)  they  assume  that  the  primary  process  involves  ex¬ 
cited  chlorophyll  and  the  (enzymatically  “prepared”)  reductants,  but 
does  not  involve  C02  (or  the  { C02} -complex). 

There  is  no  doubt  that  simple  competition  between  fluorescence  and 
photochemical  primary  process  is  insufficient  to  interpret  all  the  experi¬ 
mental  evidence.  Franck’s  concept  of  indirect  action,  on  the  other  hand, 
has  been  successfully  applied  to  a  wide  range  of  phenomena  and  has  thus 
acquired  a  considerable  degree  of  probability. 

We  will  end  this  discussion  here  and  leave  the  more  detailed  presenta¬ 
tion  and  interpretation  of  experimental  results  to  chapters  27-33  in  part 
IV,  dealing  with  the  kinetics  of  photosynthesis.  Measurement  of  fluo¬ 
rescence  has  become  a  tool  in  the  study  of  the  reaction  kinetics  of  photo¬ 
synthesis,  and  it  would  be  inconvenient  to  separate  the  discussion  of  the  ef¬ 
fects  of  light  intensity,  or  temperature,  or  carbon  dioxide  concentration  on 
the  yield  of  fluorescence,  from  the  discussion  of  the  influence  of  the  same 
factors  on  the  yield  of  photosynthesis. 
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PART  FOUR 


KINETICS 


OF  PHOTOSYNTHESIS 


INTRODUCTION 


The  investigation  of  reaction  kinetics,  i.  e.,  of  the  dependence  of  rate 
on  various  external  factors,  has  acquired  a  greater  importance  in  the  study 
of  photosynthesis  than  in  that  of  other  biochemical  processes.  Faced  with 
the  failure  of  the  usual  qualitative  methods  of  biochemistry  to  disentangle 
the  complex  mechanism  of  photosynthesis,  many  investigators  turned  to 
rate  measurements,  hoping  that  the  number,  sequence  and  character  of 
the  partial  processes  involved  in  photosynthesis  could  perhaps  be  derived 
from  such  studies.  The  results  did  not  quite  satisfy  expectations,  for 
reasons  not  difficult  to  understand.  What  one  measures  as  the  “yield  of 
photosynthesis”  is  the  net  result  of  the  operation  of  a  complex  mechanism. 
No  simple  kinetic  equation  can  account  for  all  the  factors  that  influence 
this  yield.  It  is  comparatively  easy,  after  having  made  a  series  of  kinetic 
measurements  on  a  selected  object,  to  invent  a  model  that  would  interpret 
these  particular  observations,  or  even  to  write  down  equations  fitting  the 
experimental  results  more  or  less  closely.  The  literature  on  photosynthesis 
abounds  in  such  formulations.  I  heir  limited  significance  is  illustrated  by 
the  fact  that  practically  nobody  ever  uses  equations  derived  by  somebody 
else;  instead,  every  investigator  starts  anew,  often  without  as  much  as 
referring  to  his  predecessors,  and— what  is  even  more  unfortunate— without 

making  an  attempt  to  correlate  his  formulae  with  any  experimental  results 
but  his  own. 


Photosynthesis  is  such  a  complex  and  heterogeneous  process  that  it  is 
probably  impossible  to  make  a  complete  analysis  of  its  mechanism  merely 

°y  meaSU™8  ‘he  rate  »f  ‘he  over-all  process  under  different  conditions. 
However,  this  does  not  mean  that  kinetic  measurements  of  photosynthesis 
aie  usdess;  but  rather  that  they  are  most  useful  when  combined  with  other 
biochemical  and  biophysical  methods  of  approach,  such  as  the  use  of  poisons 

tearbgdo™,  f  fTT/  “T reductants  and  oxidants,  or  partial 

chCnkstTf  ■  o  °  appaTatus  («■  t->  %  the  separation  of 

on  cytoplasm).  Several  investigators  have  alreadv  used 

the,intensity  0f  chloroPhy»  fluorescence  as  an  auxiliary 

possible  r  S,W  “l  Ch<">lk'al  rate  measurements;  it  may  prove 
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photosynthesis.  In  such  an  integrated  study,  kinetic  measurements  will 
remain  one  of  the  most  important  components;  but  the  ambition  to  ob¬ 
tain,  by  their  means  alone,  a  quantitative  interpretation  of  the  whole 
phenomenon  of  photosynthesis  will  be  replaced  by  more  limited  aims. 


Chapter  25 


METHODS  OF  KINETIC  MEASUREMENTS* 

It  is  not  our  purpose  to  give  here  a  detailed  description  and  apprecia¬ 
tion  of  the  experimental  methods  used  in  the  quantitative  study  of  photo¬ 
synthesis,  but  merely  to  indicate  the  principles  on  which  these  measure¬ 
ments  have  been  (or  can  be)  based. 

Photosynthesis  by  green  plants  consumes  carbon  dioxide ,  water  and 
light;  it  produces  oxygen ,  carbohydrates  and  chemical  energy.  This  gives 
six  possible  objects  of  quantitative  study.  However,  one  of  the  reaction 
components — water — is  present  so  abundantly  in  living  organisms  that  the 
determination  of  its  consumption  is  practically  impossible  (except,  per¬ 
haps,  by  means  of  isotopic  tracers).  In  the  photosynthesis  of  bacteria 
and  adapted”  algae  ( cf .  Vol.  I,  chapters  5  and  6),  on  the  other  hand,  the 
consumption  of  the  reductant  (H2,  H2S,  H2S2O3  etc.)  can  be  measured  as 
easily  as  that  of  the  oxidant  (C02). 


1.  Material 

Since  Warburg’s  fundamental  investigations  (1919,  1920),  unicellular 
algae,  particularly  the  two  species  Chlorella  vulgaris  and  Chlorella  pyrenoid- 
osa,  have  become  the  favorite  objects  of  quantitative  studies,  because  of 
the  ease  with  which  they  can  be  cultured  and  handled  in  the  form  of  sus¬ 
pensions  The  methods  of  culture  of  Chlorella  and  similar  algae  cannot  be 

linen  ep  refe;'f  "ce  rau6t  bp  made  *>  special  literature  such  as  Kttster 

(1921),  Pruigsheim  (1924,  1926),  Pearsall  and  co-workers  (1937,  1940)  and 

Ilyers  el  al.  (1944,  1946).  One  observation,  however,  must  be  mentioned: 

CM  ,be<V°Und  Tatt  and  c°-workers  1940  to  1945)  that  growing 
ChhreUa  cultures  produces  a  substance  that  acts  as  an  inhibitor  of  further 

26,  plge  ffi0)mC  nta"y  alS°  ^  “  inhibit°r  °f  photos^thesis;  cf.  chapter 

Chlorella  suspensions  have  provided  the  material  for  the  studies  bv 

■k"“  *  -  ■  * 

*  Bibliography,  page  855. 
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Table  25.1 

Characteristics  of  Two  Chlorella  pyrenoidosa  Suspensions 
(after  Noddack  and  Eiciihoff  1939) 


Chlorophyll 

P max.  •  cc-  02/min.“ 

Type 

Cells/ml. 

Dry  weight, 
g./ml. 

%  of 
dry  wt. 

molecules/ 

cell 

per  cc.  of  per  g. 

cells  Chib 

“Shade” 

1.92  X  106 

4.6  X  10-5 

4.9 

OO 

o 

X 

OO 

4.9  X  10"5  22 

“Light” 

3.84  X  106 

5.1  X  IQ'5 

2.7 

2.5  X  108 

5.4  X  10-5  39 

“  Maximum  photosynthesis,  as  obtained  with  an  illumination  of  30,000  lux  (white 
light),  in  a  carbonate-bicarbonate  buffer  solution. 

6  “Assimilation  number.” 


plast,  which  almost  encloses  the  central  part  of  the  cell  with  the  nucleus. 
Their  chlorophyll  content  is  remarkably  high — from  2.5  to  5%  of  the  dry 
weight,  the  higher  concentrations  occurring  in  cells  grown  in  weak  light. 
Table  25.1  shows,  as  an  example,  the  characteristics  of  two  Chlorella  pyre¬ 
noidosa  suspensions  used  by  Noddack  and  Eichhoff — one  grown  in  weak 
light  and  the  other  in  strong  light.  According  to  the  table,  the  “shade 
cells’ ’  are  two  times  larger  than  the  “light  cells,”  and  contain  almost  twice 
as  much  chlorophyll  (in  per  cent  of  dry  weight),  which  means  three  to  four 
times  more  chlorophyll  molecules  per  cell.  Despite  their  lower  chlorophyll 


content,  the  light  cells  can  produce  as  much  oxygen  per  milliliter  of  cell  ma¬ 
terial  as  the  shade  cells,  so  that  their  oxygen  production  per  unit  weight  of 
chlorophyll  (the  “assimilation  number,”  cf.  chapter  28)  is  about  twice  as 
large  as  that  of  shade  cells. 

Sargent  (1940)  gave  3.3%  and  6.6%  of  dry  weight  as  the  chlorophyll 
contents  of  light  cells  and  shade  cells  of  Chlorella,  respectively.  Myers 
results  (19461)  agree  with  those  of  Noddack  and  Eichhoff  and  of  Sargent  in 
showing  a  higher  concentration  of  chlorophyll  in  cells  grown  in  weak  light, 
but  deviate  from  those  of  Noddack  and  Eichoff  in  so  far  as  amount  of  the 
green  pigment  in  a  single  cell  is  concerned.  In  Myers’  cultures,  the  aver¬ 
age  volume  of  cells  increased  rather  than  decreased  with  increasing  light  in¬ 
tensity  of  cultivation  (from  28  X  109  cells  per  milliliter  at  6  loot  candles  to 
6  X  109  cells  per  milliliter  at  360  foot  candles) .  The  growth  in  cell  volume 
almost  exactly  balanced  the  decrease  in  cellular  pigment  concentration,  so 
that  the  total  number  of  chlorophyll  molecules  per  cell  remained  practically 
constant,  independently  of  the  intensity  of  illumination. 

The  maximum  capacity  for  photosynthesis  of  Myers  cultures  (re  a 
to  one  milliliter  of  cell  material)  showed  a  sharp  increase 
intensity  of  illumination  during  cultivation,  between  5  and  25  foot  candles, 
remained  constant  between  25  and  CO  foot  candles 
Since  at  the  same  time  the  concentration  of  c  1  oiop  ly 
the  “assimilation  number”  (maximum  photosynthesis  pe.  gram 
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phyll)  increased  rapidly  at  first— in  agreement  with  Noddack  and  Eich- 
hoff’s  observations — and  then  approached  constancy  (cf.  chapter  31  for 
more  detailed  discussion  of  the  relation  of  the  rate  of  photosynthesis  to 
chlorophyll  content). 

Suspensions  like  those  in  Table  25.1,  placed  in  vessels  1—3  cm.  deep, 
absorb  20-50%  of  incident  white  light.  If  complete  absorption  of  visible 
light  is  desired  (as  in  Warburg  and  Negelein’s  procedure),  suspensions 
containing  more  than  107  cells  per  milliliter  must  be  used  in  vessels  of  the 
same  depth. 

The  photosynthetic  efficiency  of  Chlorclla  suspensions  has  been  related 
to  many  factors,  such  as  the  intensity  of  light  (Warburg)  and  the  rate  of 


Fig.  25.1.  Relative  rate  of  photosynthesis  in  Chlorella  vulgaris  as  a 
function  of  the  lengthof  exposure  of  the  cells  to  0.1  M  solutions  of  KHCOj, 
NallC  Os,  or  varying  mixtures  of  the  two  bicarbonates  (after  Pratt  1943). 


gas  supply  during  growth  (Burk),  or  the  “oligodynamic"  effects  of  small 
quantities  ol  rare  elements  (cf.  Emerson  and  Lewis  1939)  However 
some  investigations  on  the  quantum  yield  of  photosynthesis  (cf.  chapter 

' 9)  ’nd‘tate  tllat  fhese  conditions  may  influence  mainly  the  gas  exchange 
in  the  first  few  minutes  of  exposure  to  light,  and  have  little  effect  on  the 
steady  rate  of  photosynthesis  (cf.  Table  25  I) 

1. 1— s snss  sj?  rrsrt-  cmt 

SZX  s  '*  "1.  r 

f  “ij 

value  after  nine  hours  in  a  0  1  M  NoTTPd  o  i  +•  ,  ,  1  llS  mitla 

1  M  JNailc"°3  solution  and  then  remained 
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steady;  while,  in  a  0.1  M  KHCO3  solution,  there  resulted  an  increase  in 
rate  by  about  30%  within  six  hours,  followed  by  several  hours  of  steady 
oxygen  production  and  then  a  rapid  decline.  In  a  mixture  of  0.035  M 
KHCO3  and  0.065  M  NaHCCh,  the  rate  remained  unchanged  for  about 
fifteen  hours,  after  which  the  stimulating  effect  of  the  potassium  salt  ap¬ 
parently  wore  off,  and  the  rate  declined  rapidly  (fig.  25.1).  In  all  these 
experiments,  the  cells  spent  about  one  half  of  the  total  time  in  light  and 
one  half  in  darkness. 

Among  other  algae  used  in  quantitative  photosynthetic  studies  were  the 
Chlorophyceae :  Scenedesmus  ( cf .,  for  example,  Gaffron  1942),  Hormidium 
flaccidum  (van  der  Honert  1930  and  van  der  Paauw  1932),  Stichococcus 
bacillaris  (Aufdemgarten  1939);  the  Rhodophycea,  Gigartina  harveyana 
(Emerson  and  Green  1934) ;  the  Cyanophycea ,  Chroococcus  (Emerson  and 
Lewis  1942);  the  brown  alga,  Fucus  serratus  (Steemann-Nielsen  1942); 
and  the  diatoms,  Nitzschia  closterium  (Barker  1935,  Dutton  and  Manning 
1941),  N.  dissipata  (Wassink,  Kersten  1945),  Navicula  minima  (Tanada 


1951). 

Advantages  of  algae  as  material  for  photosynthetic  measurements  (e.  g., 
the  convenient  use  of  manometric  methods)  are  shared  to  some  extent  by 
the  higher  aquatic  plants.  Among  them,  Elodea  has  been  the  most  popular 
in  photosynthetic  studies,  because  of  its  widespread  occurrence  in  stagnant 
waters.  Other  aquatic  plants  used  in  photosynthetic  work  were  Cahomba 
caroliniana  (Smith  1937)  and  Potomageton  (Gessner  1937). 

Detached  leaves  provided  the  material  for  most  of  the  earlier  investigations 
of  photosynthesis;  they  were  used  by  Blackman  and  co-workers,  by  Brown 
and  Escombe  (1905)  and  by  Willstatter  and  Stoll  (1918)  in  their  pioneer 
investigations  of  the  quantitative  aspects  of  photosynthesis.  Because  of 
the  interruption  of  natural  translocation  processes,  the  time  course  of 
photosynthesis  in  detached  leaves  may  differ  from  that  in  similar  leaves 

attached  to  the  stem  (Vol.  I,  p.  332). 

Whole  land  plants,  enclosed  in  glass  vessels,  were  long  used  in  investiga¬ 
tions  of  the  rate  of  photosynthesis  under  field  conditions.  A  group  ol 
workers  at  the  Smithsonian  Institution  in  Washington  (cf.  Hoover  Johns¬ 
ton  and  Brackett  1933  and  McAlister  1937)  showed  that  this  method  can 
give  results  equivalent,  as  to  precision  and  consistency,  to  those  deme 
from  experiments  with  algae.  The  material  used  m  their  studies  were 

‘hat  can  be  used  for  studies  of  bacterial 
photosynthesis  has  been  described  by  van  Niel  and  co-workers  (1931, 
1944)  French  (1937),  Gaffron  (1933-1935)  and  the  Dutch  group  (Eyineis 
Wassink,  Katz,  Dorrestein  cf  al.  1938,  1942);  the  baotoia  used  rn^de 
RhodospiriUum  rubrum,  Streptococcus  vanans,  and  strains  of  Cho 

and  Rhodovibrio. 
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2.  Light  Measurements 

In  many  older  investigations,  the  influence  of  light  intensity  on  photo¬ 
synthesis  was  studied  by  illuminating  the  plants  with  “white  light”  (of  the 
sun,  or  of  an  incandescent  lamp)  and  introducing  gray  filters,  or  altering 
the  distance  between  light  source  anti  plant.  The  intensity  was  then  given 
in  relative  units  (e.  g.,  “}  1  o  of  full  sunlight” ;  or  lamp  at  30  cm.  distance  ) . 
Other  observers  determined  the  intensity  of  illumination  by  visual  com¬ 
parison  with  a  standard  light  source,  and  expressed  it  in  meter  candles 
(also  called  lux,  or  lumen  per  square  meter)  or  foot  candles  (1  foot  candle  = 
10.764  meter  candles).  These  figures  cannot  be  used  for  the  calculation  of 
the  incident  energy,  unless  the  spectral  distribution  is  known.  A  knowl¬ 
edge  of  the  so-called  “color  temperature”  of  the  light  source  (the  tempera¬ 
ture  that  a  black  body  must  have  to  produce  radiation  of  the  same  color) 
provides  some  helpful  information.  However,  no  light  source  is  a  black 
body;  and,  even  if  it  were,  the  spectral  distribution  of  the  light  it  supplies 
is  modified  by  passage  through  air,  glass  or  other  material  media.  The 
figures  given  below  can  therefore  be  used  only  for  approximate  calculations. 

The  maximum  illumination  from  direct  sunlight  at  noon  in  summer  (at 
sea  level  at  the  latitude  42°  N)  is  about  85,000  lux*  (8000  foot  candles), 
its  color  temperature  ( cf .  Taylor  and  Kerr  1941),  about  5400°  Iv.  Under 
these  conditions,  the  average  light  flux  is  2.0  X  10-2  cal.  or  8.5  X  105  erg/ 
(cm.2  sec.)  (including  the  infrared)  or  10  erg/(cm.2  sec. lux).  The  diffuse 
light  from  the  clear  blue  sky  increases  the  illumination  by  about  21,000 
lux  (2000  foot  candles).  The  sky  light  has  a  much  higher  color  temperature 
than  the  sunlight— over  10,000°  K.  for  clear  blue  sky,  decreasing  to  7000° 
K.  for  hazy  or  overcast  sky  (see  fig.  22.52).  At  sea  level,  when  the  sun  is 
in  the  zenith,  about  40%  of  the  incident  radiation  belongs  to  the  spectral 
region  below  700  mp  (photosynthetically  active  radiation)  and  about  60% 
to  the  region  above  700  m p  (photosynthetically  inactive,  extreme  red  and 
infiared  radiation).  I  hus,  in  sunlight,  one  lux  is  equivalent  to  4  erg/(cm.2 
sec.)  of  photosynthetically  active  light. 

The  characteristics  of  incandescent  lamps  (gas-filled  tungsten  filament 

lamps)  m  table  25.1 1  are  taken  from  Hardy  and  Perrin’s  The  Principles 
of  Optics  ( 1932). 

About  30%  of  the  lamp  light  below  760  mM  belongs  to  the  region  700- 
760  mM  which  is  scarcely  used  at  all  by  green  plants,  so  that  the  proportion 

(  00  20°ny  nf  I  ™e"ergy  “  °n‘y  7“8%  in  medium  P°wer  lamps 

(  200  watts)  and  9-10%  in  high  power  lamps  (500-1000  watts)  In 

?  an  illumination  of  one  lux  from  a  100  watt  lamp  corresponds 

to  it,01'.  A  .erg  .™'")e<  ^  and  the  same  illumination  from  a  500  watt  lamp. 

.  out  4.5  erg./(cm.!  sec.)  of  photosynthetically  active  light. 

*  We  will  use  the  abbreviation  klux  for  1000  lux. 
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Table  25. II 

Characteristics  of  Incandescent  Lamps 


Watts 

Color 
temp.,  °K. 

Erg 

Fraction  of 

Below 

760  rn/x 

energy 

Above 

760  m/i 

cm.2  sec.  lux 
(including 
infrared) 

100 

2740 

72 

0.100 

0.900 

200 

2810 

66 

0.111 

0.898 

500 

2920 

55 

0.122 

0.878 

1000 

2980 

50 

0.135 

0.865 

White  fluorescent  lamps  emit,  as  visible  light,  ~18.5%  of  energy  input. 
Their  brightness  corresponds  to  6-10  lux/sq.  cm.  Their  spectral  dis¬ 
tribution  peaks  are  at  480  mju  (“blue-white”),  490  and  585  m/x  (“standard 
cool  white”),  585  mju  (“standard  warm  white”),  520  and  640  m/x  (“deluxe 
cool  white”)  and  530  and  620  m /x  (“de  luxe  warm  white”);  cf.  Barr  (1950). 
The  two  “standard  whites”  emit  little  energy  >  650  m/x;  the  two  “warm 
whites,”  little  energy  <500  m/x. 

The  quanta  of  visible  light  are  from  5  X  10~12  to  2.5  X  10-12  erg  each. 
In  sunlight,  the  intensity  maximum  lies  at  about  575  m/x,  corresponding  to 
hv  =  3.5  x  10-12  erg.  Thus  an  illumination  of  1  lux  from  the  sun  corre¬ 
sponds  to  1.2  X  1012  quanta  or  2.0  X  10-12  einstein/(cm.2  sec.)  of  photo- 
synthetically  active  light.  In  artificial  light,  X  is  much  nearer  the  red 
end  of  the  spectrum.  If  one  assumes,  for  this  light,  hv  =  3.2  X  10-12  erg, 
1  lux  becomes  equivalent  to  1.4  X  1012  quanta  or  2.3  X  10-12  einstein/ 
(cm.2  sec.)  of  photosynthetically  active  light. 

In  direct  sunlight  at  noon,  about  1017  visible  quanta  impinge  per  second 
on  one  square  centimeter  of  horizontal  surface.  A  pigment  molecule  situ¬ 
ated  on  this  surface,  whose  average  molar  absorption  coefficient  for  visible 
light  is  of  the  order  of  3  X  104,  will  absorb  about  twelve  quanta  every 
second. 

The  frequency  of  absorption  acts  is  determined,  for  a  molecule  with  the  molar  ab¬ 
sorption  coefficient  a,  by  the  equation: 

/ok  pi  n  =  4  X  10-21aiV/ij/ 


where  Nhv  is  the  light  flux  in  quanta/ (sec.  cm.2). 

Instead  of  calculating,  as  above,  the  energy  flux  and  the  number  of 
quanta  impinging  on  the  illuminated  surface  from  the  intensity  of  illumina¬ 
tion  in  lux,  it  is  of  course  much  better  to  measure  this  flux  directly,  by 
means  of  a  thermoelement,  bolometer,  photocell  or  actinometer.  This  is 
also  the  only  way  to  define  the  intensity  of  colored  light,  which  cannot  be 
measured  in  lux.  The  energy  flux  can  be  expressed  m  ergs  or  calories  (pei 
unit  surface  and  unit  time)  or  watts  (per  unit  surface).  The  relation  be- 
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tween  these  units  is  shown  in  Table  25.III.  However,  without  information 
as  to  spectral  composition,  the  indication  of  the  energy  flux  in  ergs,  01 
calories,  is  even  less  revealing  than  that  of  the  intensity  of  illumination  in 
lux,  because  60%  of  direct  sunlight  and  about  95%  of  the  energy  flux  from 
incandescent  lamps  belong  to  the  far  red  and  infrared,  and  are  not  used 
by  plants  for  photosynthesis.  Unless  the  proportion  of  these  radiations  is 
known,  quoting  the  energy  flux  may  easily  give  an  entirely  erroneous  con¬ 
cept  of  the  quantity  of  light  available  for  photosynthesis. 


Table  25. Ill 
Energy  Flux  Units* 


Units 

Watt/cm.2 

Erg/ (cm.2  sec.) 

Cal/(cin.2  sec.) 

Wat  t  /cm. 2 

1 

107 

0.239 

Erg/(cm.2  sec.) 

10-7 

1 

2.39  X  10-» 

Cal. /(cm. 2  sec.) 

4.19 

4.19  X  107 

1 

Of  the  common  photometric  devices,  only  thermoelements  and  bolom¬ 
eters  react  uniformly  to  radiations  of  all  wave  lengths.  All  other  instru¬ 
ments— vacuum  photocells,  barrier  layer  cells,  actinometers — possess  a 
selective  spectral  sensitivity.  Some  investigators  suggested  that  instru¬ 
ments  insensitive  to  infrared  light,  e.  g.,  selenium  barrier  layer  cells  (“pho- 
tronic  cells”),  should  be  used  in  preference  to  thermopiles  or  bolometers 
in  the  measurement  of  light  intensities  in  the  work  on  photosynthesis,  in 
order  to  avoid  measuring  infrared  together  with  visible  light.  However, 
this  is  almost  equivalent  to  a  return  to  visual  photometry,  since  the  eye, 
too,  can  be  described  as  an  infrared-insensitive  photometer.  In  fact,  the 
sensitivity  curve  of  the  selenium  barrier  layer  cell  is  quite  similar  to  that  of 
the  human  eye.  Both  drop  rapidly  above  600  m/x—  right  in  the  middle  of 
the  main  red  absorption  band  of  chlorophyll  (c/.  fig.  25.2A).  Vacuum  type 
photocells  also  show  strong  variations  in  sensitivity  with  wave  length  (fig. 
25.2B).  No  photocells,  actinometers  or  photographic  plates  possess  uni¬ 
form  sensitivity  throughout  the  visible  spectrum  (although  some  of  them 
are  reasonably  constant  in  the  region  of  the  shorter  waves).  Therefore  no 
instruments  of  these  types  can  give  reliable  photometric  data  in  nonmono- 
chromatic  light,  (c/.  Mestre  1935). 

Warburg  and  Schocken  (1949)  have  developed  an  actinometer  based 
on  Gaffron  s  earlier  observations  in  Warburg’s  laboratory  of  sensitized 

sti  u^fi  T  n  f  h  thl°Urea  (ChaPtCr  18,  Page  509)'  Thiourea  was  sub- 

assolvlt  ifv^  f  T,na!  suhstra,e’  a»d  Pyidine  for  acetone 

as  solvent,  it  rvas  found  that,  with  ethyl  chlorophyllide  (or  protoporphyrin  1 

as  sensitizer,  a  quantum  yield  equal  to  1.0  *  0  1  (moiecu'es  oxygen  c  ‘n- 

*  We  will  use  the  abbreviation  kerg  for  1000  erg. 
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sumed  per  quantum  absorbed)  can  be  obtained  over  a  considerable  range 
ot  wave  lengths  and  intensities.  The  convenience  of  this  actinometer  is 
the  possibility  of  using  it  in  conjunction  with  Warburg  reaction  vessels  in 
a  manometric  system.  Assuming  equal  absorption  of  light  in  the  reaction 


_ i _ i - 1 - 1 - 1 — 

300  400  500  600  700 

WAVE  LENGTH,  m/i 


Fig.  25. 2A.  Spectral  sensitivity  curve  of  a  selenium  barrier  layer  cell  (Wes¬ 
ton  Photronic  Cell). 


WAVE  LENGTH,  m/x 


Fig.  25.2B. 


Spectral  sensitivity  curves  of  three  typical 


vacuum-type  photocells. 


vessel  and  in  the  actinometer  vessel,  and  arranging  for  identical  ligh  uxes 
to  reach  both  vessels  (e.  g.,  by  placing  them  side-by-side  in  a  umtoi.n  hg  i  ■ 
field,  or  by  alternating  the  reaction  vessel  and  the  actinometer  vcs* 
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the  same  position),  quantum  yield  determinations  can  be  made  simplv  by 
comparing  the  pressure  changes  in  the  two  vessels.  Average  quantum 
yields  can  be  determined  in  this  way  for  prolonged  periods  of  illumination, 
or  for  illumination  with  diffuse  light,  more  easily  than  with  instruments 
which  measure  momentary  light  intensity,  and  require  a  collimated  beam. 


This  actinometer  promises  to  become  a  very  useful  tool  in  the  study  of 
photosynthesis;  but  despite  its  convenience  it,  too,  must  be  used  with  cau¬ 
tion,  and  checked  from  time  to  time  against  a  physical  light-measuring  in¬ 
strument  such  as  a  thermopile  or  bolometer.  The  nature  and  mechanism 
of  the  reaction  in  the  Warburg-Gaffron-Shocken  actinometer  is  unknown, 
and  the  exact  dependence  of  its  rate  on  light  intensity,  wave  length,  nature 
of  the  solvent,  presence  of  impurities,  oxygen  pressure,  concentrations  of 
(he  reductant  and  the  sensitizer,  and  rate  of  stirring,  remain  to  be  investi¬ 
gated.  Available  measurements  indicate  that  the  quantum  yield  declines 
slowly  with  increasing  illumination  in  the  “middle  range”  (3-7  X  10  ~10 
einstein/(sec.  cm.2)),  but  changes  faster  both  at  the  higher  light  inten¬ 
sities  (>10  X  10~10  einstein/(sec.  cm.2))  and  at  very  low  light  intensi¬ 
ties  (<3  X  10“10  einstein/ (sec.  cm.2)).  It  remains  to  be  seen,  however, 
whether  the  factor  determining  the  change  is  intensity  of  the  beam — i.  e., 
energy  per  unit  cross  section — or  its  energy  (more  probably,  energy  ab¬ 


sorbed  m  unit  volume  of  the  liquid).  Some  decline  in  quantum  yield  with 
increasing  illumination  may  be  caused  by  exhaustion  of  oxygen  in  the  il¬ 
luminated  layer;  however,  this  is  likely  to  account  only  for  a  part  of  the 
observed  trend.  Another  possible  cause  of  this  decline  is  competition  of 
back  reactions  between  the  intermediate  oxidation  and  reduction  prod¬ 
ucts,  with  the  “forward”  reaction  which  leads  to  the  consumption  of  oxy¬ 
gen.  If  they  are  bimolecular  in  respect  to  the  intermediates,  the  back  re¬ 
actions  must  be  favored  by  a  higher  concentration  of  the  latter  and  there¬ 
fore  can  become  more  effective  at  light  intensity  increases. 

It  must  be  recalled  that  photometers  with  selective  spectral  sensitivity 
cannot  be  relied  upon  not  only  in  the  determination  of  absolute  light  inten¬ 
sities,  but  also  in  the  comparison  of  two  light  sources  or  in  the  determina- 
tion  of  the  proportion  of  light  absorbed  by  passage  through  a  colored  sys¬ 
tem  Unless  the  absorption  is  very  weak  throughout  the  spectrum,  the 
spectral  composition  of  the  transmitted  light  will  be  different  from  that  of 
incident  light,  and  the  selectively  sensitive  instrument  will  react  differ- 

htter  t° ,k  ,  tW°  fllr-  14  wi"  tend  t0  exaggerate  the  absorption  if  the 

it  T t tcumTn  the  ^itivity,  and  underestimate 

sensitivity  Ucu  rve  ,7“  ** 

j  uuive,  me  largei  will  be  the  errors  that  occur  in  absorb™ 

measurements  in  nonmonochromatic  light.  Selenium  barrier  layer  cells 

for  example,  cannot  be  used  for  such  measurements  even  in  wj 
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malic”  red  light,  isolated  by  filters  (or  monochromators  with  wide  slits), 
since  their  sensitivity  drops  by  a  factor  of  10  between  600  and  700  m M 
(fig.  25. 2A). 

b  or  all  these  reasons,  if  white  light  is  used  for  photosynthetic  work,  the 
best  way  of  characterizing  its  intensity  is  to  measure  it  by  means  of  a  ther¬ 
mopile  protected  from  infrared  light  by  a  suitable  filter.  This  will  give  an 
adequate  picture  of  the  quantity  of  light  available  for  photosynthesis,  and 
enable  one  to  determine  correctly  the  proportion  of  this  light  absorbed  by 
the  plants. 

The  desire  for  greater  sensitivity  often  will  force  the  investigator  to  use 
a  photoelectric  cell,  instead  of  a  thermopile,  despite  all  the  shortcomings 
associated  with  its  selective  sensitivity;  this  should  be  done  only  in  full 
realization  of  the  errors  that  can  be  introduced  in  this  way.  Only  in  work 
with  truly  monochromatic  light  are  the  photocells  entirely  reliable  (as¬ 
suming  that  the  linearity  of  their  response  has  been  ascertained  by  fre¬ 
quent  comparison  with  a  thermoelement). 

In  addition  to  the  problem  of  a  reliable  photometric  instrument,  dif¬ 
ficulty  arises  in  the  determination  of  the  quantity  of  light  absorbed  by 
leaves,  algae  or  cell  suspensions,  because  of  the  scattering  phenomena  dis¬ 
cussed  in  chapter  22. 

The  scattering  by  cell  suspensions  is  comparatively  weak,  and  that  by 
leaves  can  be  reduced  by  injection  with  water,  or — still  better — with  gly¬ 
cerol  (by  evacuation  under  the  liquid),  thus  eliminating  the  most  effective 
source  of  scattering — the  liquid-air  interfaces  (c/.  fig.  22.8  and  9).  How¬ 
ever,  figure  22.2  shows  that,  even  in  Chlorellci  suspensions,  enough  scatter¬ 
ing  is  present  to  cause  a  marked  error  in  the  determination  of  absorbed  light 
energy— an  error  of  only  a  few  per  cent  in  the  region  of  strong  absorption, 
but  of  100%  or  more  in  green  or  in  the  far  red,  where  true  absorption  is  very 


weak.  ... 

In  measurements  in  these  spectral  regions,  as  well  as  in  precision  ex¬ 
periments  in  other  parts  of  the  spectrum,  it  is  necessary  to  measure  the 
total  scattered  flux  (i.  e.,  the  diffusely  transmitted  and  diffusely  reflected 
fluxes,  Td  and  Rd,  together  with  directly  transmitted  and  specularly  re¬ 
flected  fluxes  Ts  and  Rs)  and  to  use  the  complete  formula: 


(25  2)  A  —  /o  —  T»  —  Td.  —  Rs  R*  f° 

for  the  determination  of  the  absorbed  light  energy,  A. 

The  neglect  of  both  T„  and  R,  in  the  determination  of  A  must  lead  to 
entirely  erroneous  results,  because,  for  all  leaves  and  thalli,  T,  is  only  a 
fraction-and  often  a  small  one-of  the  total  transmitted  flux. 

The  fact  that  optical  work  with  leaves  requires  a  consideration  of  scat¬ 
tering  was  clear  to  Maquenne  (1860)  and  Si, under  (1862) ;  but  some  mve  - 
tigators-not  only  botanists  like  Sachs  (1864)  and  Detlefsen  (1888),  but 
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even  physicists  like  Vierordt  (1871)  and  Lazarev  (1924,  1927)  thought 
that  they  could  neglect  it.  In  most  measurements,  however,  an  attempt 
was  made  to  include  at  least  the  diffusely  transmitted  light,  Td,  by  the 
simple  device  of  placing  a  large  collecting  surface  immediately  behind 
the  absorbing  system.  Seybold  (1932)  pointed  out  that  this  procedure 
brings  the  risk  of  measuring  the  thermal  radiation  of  the  tissue  together 
with  the  transmitted  flux.  (A  similar  error  could  be  caused  by  fluorescence, 
but  the  latter  usually  can  be  neglected.)  To  avoid  errors,  one  may  inter¬ 
pose  an  infrared-absorbing  filter  between  the  leaf  and  the  collecting  ther¬ 
mopile. 

The  measurement  of  the  diffusely  reflected  flux  Rd  requires  more  elabo¬ 
rate  devices  and  has  often  been  omitted.  The  resulting  error  in  the  deter¬ 
mination  of  the  absorbed  intensity  can  be  considerable,  since  leaves  of 
land  plants  reflect  about  as  much,  or  more,  light  as  they  transmit — namely, 
from  10  to  15%  of  (infrared-free)  white  light  (cf.  page  683).  Submerged 
algae  or  water-filled  leaves  have  a  lower  reflectance — they  transmit  about 
20%  and  reflect  from  5  to  10%  of  white  light.  However,  diffuse  reflection 
cannot  be  entirely  neglected  even  when  working  with  algal  suspensions,  as 
shown  by  the  results  of  Noddack  and  Eichhoff  (1939)  in  figure  22.2.  The 
sharp  reflection  peak  at  180°  is  due  to  the  walls  of  the  vessel ;  but,  in  addi¬ 
tion  to  this  specular  reflection,  the  figure  shows  a  small,  but  not  negligible, 
diffuse  reflection;  integrated  over  all  angles,  it  adds  3  or  5%  to  the  trans¬ 
mitted  flux  and  reduces  correspondingly  the  absorbed  energy,  A. 

In  work  with  cell  suspensions  in  spherical  or  cylindrical  vessels,  the  dis¬ 
tinction  between  reflected  and  transmitted  light  becomes  irrelevant,  and  an 
integral  measurement  of  light  scattered  in  all  directions,  S,  can  be  sub¬ 
stituted  for  the  separate  measurements  of  R  and  T.  A  small  vessel  con¬ 
taining  the  suspension  can  be  placed  inside  an  “integrating”  box  or  cell 
or  in  the  focal  point  of  a  mirror,  illuminated  by  a  narrow  beam  of  light 
entering  through  a  hole  in  the  mirror,  and  the  light  scattered  in  all  direc¬ 
tions  can  be  collected  and  measured.  For  the  determination  of  /,  a  “white” 
scatterer  can  be  substituted  for  the  suspension  cell.  A  device  of  this  type 
was  Noddack  and  Eichhoff’.,  (1939)  “ellipsoid  photometer,”  in  which  'the 

A  felli  f‘  by  M  Ta"  Cel1  Was, collected  on  a  thermopile  sensitive  to 

an  ellin  •  f  I *  dlr®ct'ons-  The  scatterer  was  placed  at  one  focus  of 
an  ellipsoidal  mirror,  and  the  collector  at  the  other. 

In  speaking  of  the  methods  of  determining  the  light  enerev  absnrbpd  \  n 
sions,  we  must  also  mention  Warhimr  „„iv  .  •  ,  ?  g>  absorbed  by  cell  suspen- 

1023).  These  authors  used  a  very  cLentrateTtX”//  °d  °f  '0,al  absorption  0922, 
Silvered  back  wall  so  that  no  light  was  trotted  IndTT"’  Vi>SSe'  ha“  a 
fleeted  light  was  ascertained  bv  experiment  m  ’  *d  th®  absence  of  dlffusely  re¬ 
questioned  by  Mestre  1935  and  this  eriti  i  •  °  correctness  of  thls  last  assertion  was 

suits  of  Noddack  and  Eichhoff  )  Tims  U'.!!!”  **  supp“n°d  by  the  above-mentioned  re- 

nnort.;  ilius,  Warburg  and  Negelein  assumed,  simply,  A  =  / 
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It  was  mentioned  on  page  673  that,  in  working  with  solutions,  the  neces¬ 
sity  of  estimating  R  is  usually  avoided  by  using  a  blank  cell,  whose  reflec¬ 
tion  is  assumed  to  be  equal  to  that  of  the  solution  cell.  Many  authors  have 
hoped  to  get  around  the  necessity  of  measuring  Rd  for  leaves  or  thalli  in  a 
similar  way,  by  using  as  “blanks”  plant  tissues  deprived  of  pigments. 
This  idea  has  been  carried  out  in  different  ways :  Reinke  (1886)  used  algal 
thalli  from  which  the  pigment  had  been  extracted  by  alcohol;  Linsbauer 
(1901),  Brown  and  Escombe  (1905),  Seybold  (1932,  19331,2)  and  Meyer 
(1939)  compared  the  transmission  by  green  parts  with  that  by  white  parts 
of  variegated  leaves;  Wurmser  (1921)  determined  the  transmission  of 
thalli  before  and  after  bleaching  by  prolonged  illumination.  However,  the 
interpretation  of  results  obtained  in  this  way  presents  considerable  dif¬ 
ficulties.  It  has  already  been  said  (page  673)  that  equation  (22.2b)  is 
only  an  approximation,  although  a  satisfactory  one,  even  in  the  work  with 
transparent  media.  Weigert  (1911)  thought  that  it  could  also  be  used,  as 
such,  for  leaves,  and  applied  it  to  the  data  of  Brown  and  Escombe;  but 
his  calculation  led  to  absurdly  low  values  of  A,  and  its  fallacy  has  been 
pointed  out  by  Willstatter  and  Stoll  (1918)  and  Warburg  (1925). 

In  all  precision  experiments  on  light  absorption  by  plants,  measure¬ 
ments  of  the  three  quantities  I,  T  and  R  cannot  be  avoided.  The  determi¬ 
nation  of  T  and  R  can  be  carried  out  either  by  means  of  integrating  devices 
that  collect  the  reflected  and  the  transmitted  light,  or  by  differential  gonio- 
photometric”  methods,  i.  e.,  by  determining  scattering  as  a  function  of 
the  angle  between  the  incident  and  the  scattered  beam. 

3.  Measurements  of  Oxygen  Evolution 


Oxygen  produced  in  photosynthesis  can  be  identified  and  measured  by 
different  chemical  or  physicochemical  methods,  either  in  the  liquid  p  lase 
containing  the  aquatic  plants,  or  in  the  gas  phase.  Because  of  the  lo« 
solubility  of  oxygen  in  water,  methods  of  the  first  kind  (e.  g.,  e  po  n  1 
m  trie  determination  of  the  oxygen  concentration  in  solution)  are  suitable 
only  for  the  measurement  of  small  effects,  e.  g„  for  the  obseryation .  of  the 
nhotosvnthetic  actiyity  in  the  first  minutes  of  illumination  (cf  chapter  33). 

h  We  cannot  deal  here  with  the  analytical  technique  of  the  determination 
of  oxygen  White  phosphorus,  organic  oxygen  absorbers  (such  as  pyrogallol 
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termined  by  titration  with  potassium  iodide  and  thiosulfate.  II  pyrogallol 
or  the  leuco  dyes  (indigo  white,  leuco  methylene  blue)  are  used  for  oxygen 
determination,  the  progress  of  oxygen  liberation  can  be  followed  colori- 
metrically  or  spectrophotometrically.  The  same  methods  are  applicable 
to  the  conversion  of  hemoglobin  into  oxyhemoglobin  a  method  of  oxygen 
determination  first  introduced  into  photosynthetic  studies  by  Hoppe- 
Seyler  (1879)  and  used  more  recently  by  Hill  (1937,  1939).  Osterhout 
(1918)  suggested  the  use  of  hemocyanine-containing  crab  blood  (which  be¬ 
comes  blue  in  the  presence  of  oxygen)  for  the  same  purpose. 

Two  physiological  methods  of  oxygen  detection  were  discovered  by 
Beijerinck  (1901)  and  Engelmann  (1881,  1886  and  1894),  respectively. 
Beijerinck’s  method  utilizes  the  bioluminescence  of  certain  bacteria  ( e .  g., 
Micrococcus  phosphorens) ,  which  becomes  visible  in  the  presence  of  ex¬ 
tremely  small  quantities  of  oxygen  (5  X  10 ~3  mm.  02  pressure  above  the 
liquid,  or  1  X  10-8  m./l.  in  water,  according  to  Harvey  and  Morrison 
1923).  Engelmann’s  method  utilizes  motile  bacteria  (e.  g.,  Proteus  vul¬ 
garis),  which  come  to  rest  in  oxygen-free  medium,  but  begin  to  move  about 
in  the  presence  of  traces  of  oxygen.  This  method  has  been  sharply  criti¬ 
cized  by  Pringsheim  (1886) ;  for  an  answer  to  this  criticism,  see  Engelmann 
(1887).  With  the  help  of  motile  bacteria,  the  photosynthetic  activity  of  a 
single  cell  can  be  observed  under  the  microscope.  Luminescent  bacteria 
have  been  used,  e.  g.,  in  attempts  to  decide  whether  single  isolated  chloro- 
plasts  liberate  oxygen  in  light  ( cf .  Vol.  I,  chapter  4,  page  62). 

The  chemical  and  biochemical  methods  are  difficult  to  adapt  to  a  con¬ 
tinuous  control  of  the  rate  of  photosynthesis.  Physicochemical  methods 
therefore  early  attracted  the  interest  of  workers  in  this  field.  In  modem 
quantitative  studies  of  metabolic  processes,  manometric  measurements 
have  acquired  a  predominant  importance;  biochemists  have  found  that 
almost  every  biochemical  reaction  can  be  conducted  so  as  to  cause  absorp- 
1  ion  oi  libei ation  of  a  gas  and  this  often  provides  the  best  means  of  meas¬ 


uring  its  rate.  The  reactions  of  hemoglobin  with  oxygen  and  carbon 
monoxide  were  the  first  for  which  this  method  was  developed  by  Haldane 
and  Baicrolt,  applications  to  respiration  and  photosynthesis  came 
next.  Since  the  time  of  Sachs  (1864),  a  crude  method  of  measuring  the 
volume  of  liberated  oxygen  was  known  and  widely  used— “bubble  count- 
mg\  In  4met  solutions  of  a  given  surface  tension,  the  gas  bubbles  de¬ 
taching  themselves  from  the  leaves  have  an  approximately  uniform  size 
so  that  the  rate  of  gas  formation  can  be  calculated  by  multiplication  of  the 
number  of  bubbles  formed  per  unit  time  by  the  volume  of  a  single  bubble. 

hib  method  is  simple  and  sensitive,  but  obviously  fraught  with  errors 
caused  by  the  differences  in  wettability  of  leaf  surfaces,  coalescence  of  small 
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bubbles  to  larger  ones,  effect  of  convection  currents  or  stirring  on  the  size 
of  bubbles  and  similar  complications.  A  number  of  authors  (Kohl  1897 
Kniep  1915,  Wilmott  1921,  Bose  1924,  Arnold  1931,  among  others)  have 


Fig.  25. 3A.  “Warburg  apparatus”  for  manometric  measurement  of  photosynthesis. 


Fig  25.3B.  Two  “Warburg  vessels”  with  equal  liquid  volume  but  diiier- 
ent  gas  volume  (after  Emerson  and  Lewis  1941). 


strived  to  improve  this  method  and  to  make  the  bubble  counting  automa^; 
a  discussion  of  these  attempts  can  be  found  m  Spoehr  s  book  (1926,  p.  g 
231 )  An  important  objection  has  been  raised  by  Gessnei  (193  )•  Co 
stant  size* bubbles  can  only  be  formed  in  quiet  water,  where  a  photosynthe- 
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sizing  plant  rapidly  becomes  surrounded  by  a  layer  of  water  that  is  alkaline, 
deficient  in  carbonic  acid  and  supersaturated  with  oxygen  three  factors 
each  of  which  may  strongly  affect  the  rate  of  photosynthesis. 

Perhaps  the  most  serious  source  of  error  is  the  fact,  studied  by  Kniep 
and  Minder  (1909),  that  the  gas  bubbles  emerging  from  cut  stems  of  water 
plants  contain  not  pure  oxygen  produced  by  photosynthesis  but  a  mix¬ 
ture  of  oxygen  with  air  from  intercellular  spaces.  The  nitrogen  content 
of  the  bubbles  varies  with  the  rate  of  bubbling.  As  the  air  is  drawn  from 
the  intercellular  spaces  by  the  stream  of  photosynthetic  oxygen,  new  air 
diffuses  into  them  from  the  medium,  so  that  even  after  an  extended  period 
of  illumination  the  bubbles  still  contain  some  nitrogen. 

The  precise  manometric  method  was  introduced  into  the  investigation 
of  photosynthesis  by  Warburg  in  1919  (see  figure  25. 3A).  Since  one 
mole  of  carbon  dioxide  is  consumed  for  each  mole  of  oxygen  liberated,  the 
manometric  method  can  only  be  used  if  the  carbon  dioxide  consumption  is 
completely  or  partially  eliminated  as  a  source  of  pressure  changes.  This 
can  be  achieved  by  the  use  of  a  large  volume  of  liquid  in  contact  with  a 
small  volume  of  gas,  or  by  means  of  an  alkaline  buffer.  In  the  first  case, 
the  comparatively  high  solubility  of  carbon  dioxide  in  water  enables  the 
plants  to  use  dissolved  gas  for  a  considerable  time  while  only  slowly  re¬ 
ducing  the  pressure  of  carbon  dioxide  in  the  gas  phase.  The  use  of  buffers 
enhances  this  stabilizing  effect  of  the  aqueous  phase,  though  at  the  cost  of 
introducing  a  “nonphysiological”  yxH. 


In  the  application  of  manometric  technique  to  respiration ,  practically 
complete  elimination  of  carbon  dioxide  as  source  of  pressure  changes  could 
be  achieved  by  binding  this  gas  chemically  outside  the  cell  suspension. 
For  this  purpose,  the  reaction  vessels  were  provided  with  a  central  well  (or 
side  tube)  containing  alkali.  A  similar  procedure  cannot  be  applied  to 
photosynthesis  because  the  latter  requires  the  presence  of  carbon  dioxide 
in  the  suspension.  The  alternative  of  eliminating  oxygen  from  the  gas 
phase  (for  example,  by  placing  white  phosphorus,  or  pyrogallol,  in  the 
side  tube)  and  measuring  pressure  changes  due  to  carbon  dioxide  alone 
also  does  not  recommend  itself,  because  the  rate  of  photosynthesis  is  sensi¬ 
tive  to  oxygen  pressure  and  often  is  strongly  reduced  by  anaerobic  condi¬ 
tions  (of  chapter  13,  page  326).  Furthermore,  elimination  of  oxygen 

sTncein  th!PHP  Ttl0n  °‘  reSpiration  ejection  difficult  if  not  impossible 
since  in  the  dark  respiration  is  totally  suppressed,  whereas,  in  light  some 

ox.vgon  produced  by  photosynthesis  is  drawn  into  the  respiration  cycle 
before  reaching  the  external  absorber  ‘ 

VVe  are  thus  left  with  the  choice  of  using  cells  suspended  in  a  carbonate 
buffer,  thus  working  at  a  high  “unphysiological”  pH  or  employing  an  sc  H 
solution  with  an  unphysiologically  high  carbon  dioxide 
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phate  buffer  equilibrated  with  air  containing  1-5%  C02;  without  this 
high  initial  concentration,  the  carbon  dioxide  supply  in  the  carbonate-free 
solution  will  be  rapidly  exhausted  in  light). 

From  the  point  of  view  of  interpretation  of  manometric  data,  alkaline- 
buffered  solutions  are  more  convenient  than  acid  solutions,  since  oxygen 
alone  is  responsible  for  all  the  pressure  changes  observed  above  these  solu¬ 
tions. 

Ordinarily,  mixtures  of  0.1  molar  solutions  of  sodium  bicarbonate  and 
potassium  carbonate  are  employed  (T able  8.  V) .  Using  one  sodium  and  one 
potassium  salt  seems  to  be  somewhat  preferable  to  using  two  sodium  or 
two  potassium  salts  (c/.  page  835).  A  mixture  of  85  parts  bicarbonate  and 
15  parts  carbonate  at  20°  C.  is  in  equilibrium  with  free  carbon  dioxide  at  a 
partial  pressure  of  about  1.9  mm.  (c/.  Tables  8. II  and  8.V;  it  has  to  be 
taken  into  account  that  the  solubility  of  C02  in  0.1  molar  salt  solution  is 
—  10%  lower  than  in  distilled  water).  Ten  cubic  millimeters  of  carbon 
dioxide  can  be  withdrawn  from  1  cc.  of  this  mixture  without  appreciably 
altering  the  partial  pressure  of  C02  in  the  gas.  Mixtures  containing  more 
carbonate  and  less  bicarbonate  have  higher  buffering  capacities,  and  lower 
concentrations  of  carbonic  acid. 

As  mentioned  before,  the  drawback  of  carbonate  buffers  is  their  high 
pH  (about  pH  9  for  the  above-mentioned  buffer  No.  9).  Some  algae  are 
damaged  by  short  exposure  to  even  less  alkaline  buffer  mixtuies  (pH  8.5). 
Chlorella  pyrenoidosa,  on  the  other  hand,  can  be  kept  even  in  the  more 
alkaline  carbonate  mixtures  for  many  hours  without  signs  of  damage  to  the 
photosynthetic  apparatus.  Respiration  in  carbonate  mixtures  is  some¬ 
what  slower  than  respiration  in  neutral  or  acid  media.  Despite  absence  of 
visible  damage,  the  maximum  quantum  yield  of  Chlorella  photosynthesis 
seems  to  be  somewhat  lower  in  alkaline  carbonate  than  in  acid  (phosphate) 
buffers;  whether  the  reduction  is  <20%  (Rielce,  Emerson  and  co-workers) 
or  as  high  as  50%  (as  suggested  by  Warburg)  is  a  matter  of  controversy 

(cf.  chapter  29,  pages  1090  and  1107).  _  , 

When  it  is  definitely  desirable  to  avoid  alkalinity,  measurements  of 

photosynthesis  usually  are  made  in  slightly  acid  medium  (e.  g.,  pH  -  , 
obtained  with  KH2P04),  saturating  this  medium  with  air  enriched  with 
from  1  to  5%  carbon  dioxide.  Both  oxygen  and  carbon  dioxide  are  ex¬ 
changed  with  the  gas  phase  above  these  solutions,  and  the  observed  pres- 
sure  fhanges  must  be  apportioned  to  the  two  gases  by  means  of  a  rather 

dehcate  calculatao  “Warburg  vessel,”  filled  to  a  certain  mark  with 

water  ^“vessel  constant,”  K0„  can  be  determined,  giving  the  increase  in 
pressure  caused  by  the  production  ‘hi^el  of  or » -b^n  ^ 
oxygen j  a  similar  constant,  -n-cou 
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(If  the  liquid  volume  is  sufficiently  large  compared  with  the  gas  volume, 
KCo,  will  be  much  smaller  than  Kq2.) 

The  knowledge  of  these  constants  and  assumption  of  a  photosynthetic 
quotient,  QP  =  AO,/-  AC02  (compare  chapter  3,  Vol.  I),  permit  one  to 
calculate  the  rate  of  photosynthesis  from  manometric  readings  in  a  single 
vessel.  If  doubts  arise  as  to  the  value  of  the  photosynthetic  quotient,  the 
latter  can  be  treated  as  a  second  unknown,  and  an  additional  equation  for 
its  determination  can  be  obtained  by  using  a  second  Warburg  vessel  of  dif¬ 
ferent  dimensions  ( e .  g.,  the  same  vessel  filled  to  a  different  level,  or  a  vessel 
with  equal  liquid  volume  but  an  enlarged  gas  volume;  cf.  fig.  25. 3B). 
The  pressure  increase  in  the  first  vessel  is: 

(25.3a)  A p'  =  K^AOi  +  K^0i  ACO,  =  A02  (/^  - 

and  that  in  the  second  vessel : 

(25.3b)  A p"  =  A02  (kZ,  - 


If  the  K  values  are  known,  the  two  equations  permit  the  calculation  of  the 
two  unknowns,  A02  and  QP  (Warburg). 

Of  course,  this  purely  manometric  determination  of  the  rate  of  photo¬ 
synthesis  is  only  reliable  if  it  is  definitely  known  that  no  other  gas  except 
oxygen  and  carbon  dioxide  is  involved  in  the  gas  exchange.  After  Gaffron 
(1942)  became  suspicious  that  this  is  not  the  case  with  certain  anaerobically 
incubated  algae,  he  introduced  chemical  absorbers  for  oxygen,  carbon  di¬ 
oxide  and  hydrogen  into  the  side  arms  of  the  manometer,  and  proved  in 
this  way  the  occurrence  of  hydrogen  fermentation  and  photochemical 
hydrogen  consumption  by  these  algae  (cf.  Vol.  I,  chapter  6). 

Two  conditions  must  be  strictly  fulfilled  if  manometric  measurements 
aie  to  be  leliable.  In  the  first  place,  when  pressure  changes  of  the  order 
of  0.1  mm.  Hg  (1  mm.  Brodie  solution)  are  to  be  measured,  while  the  total 
piessure  is  of  the  order  of  100-1000  mm.  Hg,  maintenance  of  constant 
temperature  becomes  very  important.  The  reaction  vessels  must  be 
placed  in  a  precision  thermostat,  and  shaken  vigorously  to  ensure  continu¬ 
ous  thermal  equilibrium.  Vigorous  shaking  is  needed  also  to  satisfy  a 
second  condition-rapid  establishment  of  equilibrium  between  free  and 
dissolved  gases.  This  is  essential  both  to  prevent  a  lag  in  the  manometric 

ti  e  T  t0  mrk'.'  SUre  that  no  deP|etio“  of  carbon  dioxide  occurs  in 
fl  it  IT'  h'Ver  ° .  ‘  'e  ,eactlon  vessel<  where  illumination  (through  the 

thesis  isTsteit  St‘,°n?eSt.’  and  carbon  dioxide  consumption  by  photosyn- 
-  is  fastest.  It  is  thus  necessary  both  to  mix  the  liquid  rapidly 

(to  equalize  carbon  dioxide  concentration)  and  to  splash  it  vigorously  (to 
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increase  and  renew  the  liquid-air  interface),  thus  accelerating  the  release  of 
oxygen  into  the  gas  space. 

Because  of  these  complications,  direct  chemical  methods  for  determina¬ 
tion  of  carbon  dioxide  and  oxygen  appeal  to  some  investigators  as  more 
satisfactory  than  pressure  measurements;  the  latter  give  only  indirect 
evidence  as  to  the  identity  of  the  gases  causing  the  pressure  changes.  In 
spite  of  this,  the  manometric  techniques  have  been  resorted  to  again  and 
again  because  of  certain  advantages  not  available  with  chemical  analysis. 
The  manometer  measures  change  in  pressure,  regardless  of  total  pressure  of 
the  gas  in  question.  Thus,  10  cu.  mm.  of  carbon  dioxide  can  be  determined 
with  equal  precision  (assuming  constancy  of  temperature),  regardless  of 
whether  the  total  amount  of  gas  present  is  50  or  500  cu.  mm.  This  is  not 
true  of  direct  chemical  methods.  The  manometer  has  a  fast  response,  so 
that  measurements  can  be  made  over  short  periods  of  light  or  darkness. 

The  two-vessel  method  further  requires  exact  identity  of  physiological 
processes  and  identical  time  course  of  pressure  equilibration  in  the  two 


vessels. 

For  the  most  precise  manometric  work,  a  differential  manometer  may  be 
substituted  for  the  usual  open-type  manometer  (Warburg  1926).  This 
eliminates  the  disturbing  influence  of  barometric  pressure.  Differential 
manometers  can  be  conveniently  read  to  1/100  of  a  millimeter  with  a  cathe- 
tometer.  This  technique  has  been  especially  developed  for  measurements 
of  the  quantum  requirement  of  photosynthesis  (c/ .  chapter  29) . 

Several  methods  of  magnetometric  oxygen  determination  (based  on 
paramagnetism  of  the  02  molecule)  have  been  developed.  Paulings 
magnetic  oxygen  meter  (Pauling,  Wood  and  Sturdivant  1946)  is  fabricated 
by  Beckman,  Inc.  Its  range  (0-1  atm.  02)  makes  it  not  directly  applicable 

to  precision  measurements  of  photosynthesis. 

A  new  method  for  continuous  determination  of  oxygen  content  in  solu¬ 
tion  was  introduced  in  1938,  based  on  the  measurement  of  conductivity. 
It  is  a  form  of  the  so-called  polarographic  analysis,  which  has  found 
numerous  applications  in  modern  analytical  chemistry.  The  essential  ce 
vice  is  a  small-surface  cathode,  in  a  solution  such  that  the  passage  of  the  cur¬ 
rent  involves  cathodic  reduction  of  dissolved  oxygen  to  H202.  I  he  maxi¬ 
mum  current  that  can  pass  through  a  cell  with  such  an  anode  is  determined 
by  the  supply  of  oxygen  to  the  anode  by  diffusion,  and  is  therefore  propor¬ 
tional  to  the  oxygen  concentration.  .  .  ,  .  , 

An  apparatus  for  polarographic  oxygen  determination  in  biologic* 
studies  was  developed  by  Petering  and  Daniels  (1938)  and l  apphed Uv 
Petering,  Duggar,  and  Daniels  (1939)  to  the  determination  of  the  quantum 

ylold  of  photosynthesis  i„  t'tiooiio  The  .  os  of  *“"*“* 
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dropping  mercury  electrode  by  a  stationary  mercury  electrode,  or  by  a 
Pt  point  electrode.  (Concerning  a  rotating  electrode,  see  Kolthoff  1940.) 

Kautsky  discovered  the  extreme  sensitivity  of  the  phosphorescence 
of  certain  dyestuffs,  e.  g.,  trypaflavine  adsorbed  on  silica  gel,  to  traces  of  oxy¬ 
gen.  Franck  and  Pringsheim  (1943)  investigated  this  quenching  effect 
quantitatively  and  found  that  50%  quenching  is  obtained  at  a  partial 
pressure  of  5  X  10~5  mm.  02.  Pollack,  Pringsheim  and  Terwood  (1944) 
and  Franck,  Pringsheim  and  Lad  (1945)  applied  this  method  to  some 
problems  of  photosynthesis,  e.  g.,  oxygen  production  by  single  flashes  of 
light.  Figure  25.4  shows  the  results  obtained  with  a  2  second  flash  and 
several  0.03  second  flashes  of  illumination  in  a  suspension  of  Chlorella. 
The  reason  why  the  “oxygen  bursts’’  recorded  in  the  figure  last  for  1  minute 
or  more  is  that  the  oxygen  produced  durng  the  flash  is  only  gradually 


Fig.  25.4.  Oxygen  production  by  Chlorella  in  single  light  flashes  (measured 
by  the  phosphorescence  method)  (after  Pollack,  Pringsheim  and  Terwood 
1944).  Large  peak:  2  sec.  illumination;  small  peaks:  0.03  sec.  illumination. 

carried  away  by  the  stream  of  nitrogen  from  the  cell  suspension  into  the 
vesKil  containing  the  phosphorescent  gel.  The  apparatus,  as  constructed 
>y  Pringsheim  and  co-workers,  could  be  used  for  the  measurement  of  rates 
down  to  5  X  10-'  cc.  0,/min.  However,  the  method  is  only  useful  under 
anaerobic,  or  almost  anaerobic  conditions,  since,  in  the  presence  of  more 
man  1(1  mm.  02,  the  quenching  becomes  practically  complete. 


4.  Measurements  of  Carbon  Dioxide  Consumption 

nVTke  !ne  liberati<:n  0f  oxy«en’  the  consumption  of  carbon  dioxide  in 
Photosynthesis  can  be  measured  either  by  the  traditional  methods  of 

..  ‘  analysis,  or  by  physicochemical  methods.  Absorbers  for  carbon 

dioxide  are  well  known;  any  alkaline  material  (*.  lime  or  bar yuTean 
be  used  for  this  purpose,  and  the  quantity  of  absorbed  carboTdldde 
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can  be  determined  gravimetrically,  titrimetrically,  electrometrically  or 
manometrically.  The  tests  arc  made  either  in  samples  of  the  air  or  solu¬ 
tion  taken  from  the  reaction  vessel  before  and  after  a  period  of  photosyn¬ 
thesis,  or,  more  conveniently,  in  circulating  gas,  before  and  after  its  pas¬ 
sage  through  the  reaction  chamber — a  method  first  introduced  by  Kreusler 


(1885),  and  used  also  in  the  classical  work  of  Willstatter  and  Stoll  (1918) 
It  is  convenient  to  use  methods  of  analysis  not  requiring  the  taking  of 
samples,  e.  g.,  to  measure  the  conductivity  of  the  absorbing  solution 
equilibrium  with  the  gas  (cf.  Newton  1935,  and  Clark,  Shafer  an  ur  is 
1941).  The  smallest  amounts  of  carbon  dioxide  that  can  be  c  e  emu 

in  this  wav  are  of  the  order  of  10  g.  .  i 

Several  methods  of  continuous  determination  of“rb™d''«‘d«^3 
tion  have  been  suggested.  In  working  with  (unbuffered)  solutions, 
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consumption  of  carbon  dioxide  can  be  followed  acidimetrically,  e.  g.,  jy 
means  of  an  appropriate  color  indicator  (Osterhout  and  Haas  1918;  Oster- 
hout  1918),  or  a  glass  electrode  (Blinks  and  Skow  1938). 

Two  sensitive,  purely  physical  methods  have  been  used  for  the  deter¬ 
mination  of  carbon  dioxide  in  the  gas  phase.  They  were  based  on  spec¬ 
trophotometry  and  thermal  conductivity,  respectively.  McAlister  (1937) 
built  an  apparatus  (fig.  25.5)  in  which  the  carbon  dioxide  content  of  cir¬ 
culating  gas  was  recorded  continuously  by  means  of  an  infrared-sensitive 
spectrophotometer,  using  the  strong  carbon  dioxide  absorption  band  at 
4.2  to  4.3  n.  The  apparatus  was  later  altered  to  register  changes  in  carbon 
dioxide  concentration  (instead  of  concentration  itself) ;  cf.  McAlister  and 
Myers  (1940). 

A  simplified  method  of  estimation  of  small  quantities  of  carbon  dioxide 
in  the  air  by  infrared  absorption,  without  the  use  of  a  monochromator 
(after  eliminating  water  vapor  as  the  only  other  infrared-absorbing  com¬ 
ponent),  was  described  by  Dingle  and  Pryce  (1940).  Scarth,  Loewy  and 
Shaw  (1948)  improved  this  apparatus,  increasing  considerably  its  sensitiv¬ 
ity,  and  adapting  it  for  the  determination  of  both  carbon  dioxide  and  water. 
They  used  it  to  follow  the  course  of  photosynthesis  and  of  transpiration  of 
leaves. 

Harder  and  Aufdemgarten  (1938)  and  Aufdemgarten  (1939)  described 
an  automatic  carbon  dioxide  recorder,  in  which  the  rate  of  cooling  of  an 
electrically  heated  wire  was  used  to  determine  the  content  of  the  ambient 
gas  in  carbon  dioxide.  (Changes  in  the  concentration  of  carbon  dioxide 
affect  the  heat  conductivity  more  strongly  than  equivalent  changes  in  oxy¬ 
gen  concentration.)  Some  registration  curves  obtained  with  this  instru¬ 
ment  are  reproduced  in  figs.  33.10A,B  and  1 1A,B.  An  improved  apparatus 
Avas  described  by  van  der  Veen  (1949). 


5.  Measurements  of  Carbohydrate  Production  and  Energy  Conversion 

Two  methods  analytical  determination  of  the  carbohydrate  produc¬ 
tion,  and  determination  of  the  heat  of  combustion  of  the  synthesized  or¬ 
ganic  material  were  much  used  in  the  earlier  work  on  photosynthesis. 
They  are,  however,  hardly  suitable  for  exact  kinetic  investigations.  As  de¬ 
scribed  in  chapter  3  (Vol.  I,  page  35)  the  amount  of  analytically  determin¬ 
able  carbohydrates  found  in  the  plant  after  a  prolonged  period  of  photo¬ 
synthesis  often  is  considerably  smaller  than  was  expected  from  the  rate  of 
consumption  of  carbon  dioxide— a  result  attributable  to  rapid  secondarv 
transformations  of  the  primary  product,  and  possibly  also  to  direct  photo- 
synthetic  production  of  compounds  other  than  carbohydrates 

The  COmbusti°n  of  organic  material  is  an  appropriate  method  for  the 
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determination  of  total  yield  of  photosynthesis  over  the  whole  growth  per¬ 
iod,  and  is  widely  used  in  field  experiments;  but  it  is  obviously  unsuitable 
lor  exact  kinetic  determinations,  in  which  the  organic  material  present  at 
the  beginning  of  the  experiment,  cannot  be  neglected. 

However,  a  different  method  of  measurement  of  photosynthesis,  also 
based  on  the  determination  of  energy  conversion,  appears  feasible,  although 
it  probably  cannot  compete  in  simplicity  and  exactness  with  the  methods 
based  on  the  determination  of  carbon  dioxide  or  oxygen : 

Of  the  total  light  energy  ( A H )  absorbed  by  the  plants,  one  part  ( A Hc)  is 
transformed  into  chemical  energy  (latent  heat  of  combustion  of  the  syn¬ 
thesized  organic  material)  and  the  rest  ( A Ht)  is  converted  into  heat.  We 
stated  above  that  the  exact  determination  of  A Hc  is  difficult  because  of  the 
initial  weight  of  organic  material ;  but  the  determination  of  A Ht  is  possible. 
It  can  be  carried  out,  without  affecting  the  plants,  by  placing  them  in  a 
sensitive  calorimeter ;  A Hc  can  then  be  calculated  by  subtracting  A Ht  from 
AH.  Magee,  DeWitt,  Smith  and  Daniels  (1939)  measured  the  heat  pro¬ 
duced  in  a  small  quartz  vessel  in  a  thermostated  container  in  consequence 
of  the  absorption  of  a  certain  amount  of  light  by  a  suspension  of  Chlorella 
cells,  and  compared  it  with  the  amount  of  heat  produced  in  the  same  ap¬ 
paratus  when  the  light  is  absorbed  by  India  ink  or  another  inert  absorber. 
In  these  experiments,  the  rate  of  energy  absorption  was  of  the  order  of 
1000  erg/sec.,  and  AHi  was  found  to  be  smaller  than  AH  by  about  20%. 
Similar  methods  were  developed  by  Arnold  and  by  lonnelat  (c/.  chapter  29, 
page  1122). 


6.  Application  of  Isotopic  Indicators 

The  use  of  isotopic  indicators — stable  isotopes  such  as  HJ,  C13  or  O18, 
and  radioactive  isotopes  such  as  H3,  C11  and  C14  may  make  possible  the 
development  of  several  new  sensitive  methods  for  measuring  the  yield  of 
photosynthesis.  All  that  seems  to  be  needed  is  to  supply  the  plants  with 
carbon  dioxide  or  water  enriched  in  one  of  these  isotopes  and  measuie 
either  the  accumulation  of  this  isotope  in  the  plant  cells,  or  its  disappear¬ 
ance  from  the  supplied  material.  However,  the  phenomena  of  isotopic 
exchange  and  isotopic  discrimination  make  the  task  less  simple  than  it  may 

“Tpplicltio^'  of  the  isotopes  H*.  C«,  C>*  and  O'*  to  the  solution  of  some 
qualitative  problems  in  the  chemistry  of  photosynthesis  (such  as the  forma¬ 
tion  of  a  carbon  dioxide  acceptor  complex,  and  the  origin  of  the  oxyge 
evolved  in  photosynthesis)  were  described  in  Volume  I  (see  particularly 
pages  54,  202  and  241).  New  investigations  with  C14  as  tracei,  annei 
the  identification  of  the  organic  intermediates  ol  the  reduction  o  cai  io 
dioxide,  will  be  described  in  chapter  36. 
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The  techniques  of  labeling  and  counting  have  been  described  in  several 
reviews,  for  example,  in  the  monographs  by  Ivamen  (1947)  and  Calvin, 
Heidelberger,  Reid,  Tolbert  and  Yankwich  (1949). 
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Chapter  26 


EXTERNAL  AND  INTERNAL  FACTORS  IN  PHOTOSYNTHESIS 


1.  The  “Cardinal  Points”  and  the  “Limiting  Factors” 


Even  when  studying  simple  reactions  in  vitro,  the  physical  chemist  is 
rarely  able  to  control  all  the  conditions  that  affect  the  reaction  rate.  Con¬ 
sequently,  seldom  will  two  investigations  of  the  velocity  of  a  reaction  result 
in  agreement  in  more  than  the  order  of  magnitude.  Beside  the  readily  con¬ 
trollable  external  factors,  such  as  temperature,  pressure  and  light  intensity, 
the  rate  often  depends  on  factors  as  elusive  as  the  state  of  the  walls  of  the 
vessel,  or  the  presence  of  minute  impurities.  It  is  therefore  easy  to  judge 
the  difficulties  encountered  in  the  kinetic  study  of  a  complex  chemical 
process  in  a  living  organism.  The  rate  of  such  a  process  depends  on  many 
physiological  factors  that  do  not  enter  ostensibly  into  the  kinetic  equations. 
Among  all  life  phenomena,  photosynthesis  is  perhaps  the  most  sensitive 
to  slight  variations  in  the  structure  and  composition  of  the  biocatalytic 
apparatus.  No  wonder  that  doubts  have  been  expressed  as  to  the  very 
possibility  of  deriving  significant  kinetic  relationships  from  the  quantita¬ 
tive  study  of  this  phenomenon. 

At  first,  considerable  optimism  prevailed  in  this  respect.  The  develop¬ 
ment  of  natural  science  in  the  nineteenth  century  led  to  the  belief  that  bio¬ 
logical  processes  follow  relatively  simple  mathematical  laws,  and  several 
attempts  have  been  made  to  formulate  such  laws  for  the  production  of  01- 


ganic  matter  by  plants. 

The  earliest  discussions  of  the  dependence  of  photosynthesis  on  ext  erna 
factors  were  based  on  the  concept  of  the  three  “cardinal  points  ’  (Sac  s 
1860)  According  to  this  concept,  which  was  widely  accepted  until  the 
turn  of  the  century,  biological  processes  get  under  way  at  certain  minimum 
values  of  the  relevant  external  variables  (such  as  temperature,  pressure, 
humidity,  light  intensity  etc.),  reach  the  highest  rate  at  certain  ophmum 
values  of  these  variables,  then  decline,  and  cease  altogether  after  the  ma 

imum  tolerable  values  have  been  exceeded. 

Twenty  years  before  the  enunciation  of  the  principle  of  the  three  car 

dinal  points,  Liebig  (1840,  1843)  had  formulated  . pimple  rule Tor  the  eflte 
of  various  elements  on  the  yield  of  field  crops.  He  postulated  that  these 
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yields  are  determined  by  the  quantity  of  the  one  nutrient  element  (such  as 
potassium,  phosphorus  or  nitrogen)  present  in  the  lowest  concentration 
(relative  to  its  optimum  quantity).  This  postulate  became  known  as  the 
“law  of  the  minimum.” 

Sixty  years  later,  Blackman  (1905)  suggested  that  a  generalized  form 
of  this  law  can  be  applied  to  photosynthesis,  and  can  explain  the  observa¬ 
tions  in  this  field  better  than  the  concept  of  the  three  cardinal  points.  He 
took  from  Liebig  the  idea  that  the  rate  of  a  biological  process  (in  this  case, 
photosynthesis)  is  determined,  under  given  conditions,  by  a  single  “limit¬ 
ing”  factor;  but,  in  addition  to  the  supply  of  material  ingredients  (the 
only  kind  of  factors  with  which  Liebig  was  concerned),  Blackman  con¬ 
sidered  also  temperature  and  light  intensity  as  potential  “limiting  factors.” 


Fig.  26.1.  Photosynthesis  according  to  the  concepts  of  “cardinal  points’’ 
(MOM')  and  “limiting  factors’’  ( ABCD ). 


He  suggested  that  the  rate  of  photosynthesis  increases  with  the  increase  in 
value  of  any  one  of  these  factors  (Fx)  as  long  as  this  factor  is  “slowest” 
and  ceases  to  be  dependent  on  Fx  when  one  of  the  other  factors  (F2,  F3,  .  .  . ) 
becomes  limiting.  In  other  words,  the  plot  of  the  yield  of  photosynthesis, 
1  ,  versus  a  variable  Fx  (at  constant  values  of  all  the  other  kinetic  factors) 
was  postulated  by  Blackman  to  have  the  shape  ABC  (fig.  26.1)  instead  of 
\  6  shape  M0M'  required  by  the  optimum  theory.  Blackman  could  not 
c  eny  that  extreme  conditions  generally  inhibit  biological  processes— in 
other  words,  that  the  horizontal  plateau  BC  in  figure  26.1  cannot  extend 
^definitely  but  that  sooner  or  later,  P  must  begin  to  decline  (as  indicated 

desWB  L  m  ^  figUrG)-  HoWever>  he  attributed  this  decline  to 
tein  n  ^  9 ”  fl'eezing  °f  CeI1  water>  -  denaturation  of  pro- 

cordiLtoBkeT  m  If  kmeit-C  mechanism  of  Photosynthesis  itself.  Ac- 
“law  of  I’  y  f11’  Se  lllhlbltlons  merely  limit  the  range  in  which  the 

md  at  CZ  “Vnbe  Verifi!d;  their  --“Posed  character  is 
by  the  fact  that,  whenever  they  come  into  play,  the  rate,  instead 
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of  being  determined  uniquely  by  the  momentary  values  of  the  variables 
F i,  F 2j  .  . . ,  becomes  time-dependent,  thus  revealing  a  progressive  (and  often 
irreversible)  destruction  of  the  biochemical  apparatus. 

Compared  with  the  hypothesis  of  the  three  cardinal  points,  Blackman’s 
principle  of  limiting  factors  represented  substantial  progress  in  the  inter¬ 
pretation  of  the  kinetics  of  photosynthesis.  Since  its  first  enunciation  in 
1905,  it  has  been  accepted  and  widely  used  by  students  of  photosynthesis. 
Unfortunately,  Blackman  was  not  satisfied  with  the  improvement  of  the 
general  qualitative  picture:  In  the  belief  that  the  efficiency  of  biological 
processes  must  be  subject  to  simple  quantitative  rules,  he  insisted  on  treat¬ 
ing  the  concept  of  “limiting  factors”  as  an  exact  law  of  nature.  He  postu¬ 
lated  that  the  functions  P  =  f(F 0  must  have  precisely  the  shape  shown  in 


Fig.  26.2.  Kinetic  curves  of  the  first  type  (Jlackman  type). 


figure  26.1,  i.  e.,  consist  of  a  linear  ascending  part,  terminated  by  a  sharp 
break  and  followed  by  a  horizontal  plateau.  In  order  that  the  same  ru  e 
be  true  also  for  the  dependence  of  photosynthesis  on  all  the  other  factors, 
f  Fs  he  had  to  assume  that  for  different  values  of  a  parametei ,  2, 

the  yield  P  as  a  function  of  Fi  is  represented  by  a  set  of  broken  lines— sue  1 
as  ABC  ABDE  ABDFG. .  in  figure  26.2 — which  coincide  at  the  low  i 
values  (part  AB  in  the  figure)  and  are  distinguished  only  by  the  position 
of  the  break,  where  the  ascending  part  goes  over  into  the  horizontal  plateau. 
This  means  that  the  rate  of  photosynthesis  was  assumed  to  be  proportional 
the  one  factor  that  is  limiting  under  the  given  conditions,  and  entirely 

independent  of  all  the  other  factors.  .  ,  ...  i  „ 

Only  in  the  case  of  temperature  as  the  “limiting  actor  lid  Blackman 

admit  the  possibility  of  a  different  shape  of  the  ascemhng j  ; 

an  exponential  (instead  of  a  linear)  rise,  in  agreement  with  the  genera 
nerience  in  the  field  of  temperature  dependence  of  chemical  reactioi  . 

P< T the  belTef  that  the  law  of  limiting  factors  must  be  strictly  obeyed, 
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Blackman  and  his  pupils  made  attempts  to  fit  the  experimental  data  into 
this  oversimplified  theoretical  picture.  Others  objected  to  this,  and  a  con¬ 
troversy  arose,  with  the  result  that  articles  for  or  against  Blackman  s 
theory  have  been  appearing  in  botanical  journals  for  now  over  forty  years. 
This  protracted  and  largely  unnecessary  controversy  has  hampered  rather 
than  helped  the  penetration  into  plant  physiology  of  the  general  principles 
of  reaction  kinetics  and  photochemistry  (such  as  the  law  of  mass  action, 
Boltzman’s  and  Arrhenius’  activation  equations  and  the  quantum  principle 
of  photochemistry),  which  alone  can  provide  adequate  basis  for  the  kinetic 
treatment  of  any  chemical  reaction,  whether  in  vitro  or  in  vivo.  It  will  be 
shown  below  that,  from  the  point  of  view  of  these  principles,  Blackman’s 
“law”  is  only  an  idealization,  which  can  be  more  or  less  closely  approxi¬ 
mated  under  certain  special  conditions. 

Brown  and  Heise  (1917)  and  Brown  (1918)  were  among  the  first  to 
criticize  the  way  in  which  Blackman  supported  the  law  of  limiting  factors 
by  reinterpretation  of  the  observations  of  earlier  investigators,  and  to  point 
out  that  even  Blackman’s  own  measurements  did  not  conform  strictly  to 
the  type  of  figure  26.2.  Some  subsequent  investigations,  e.  g.,  that  of 
van  der  Honert  (1930),  produced  curves  that  so  closely  approached  the 
“Blackman  type”  (c/.,  for  example,  fig.  27.2)  that  the  authors  believed  the 
law  of  limiting  factors  to  be  strictly  valid  under  ideal  experimental  condi¬ 
tions  (e.g.,  uniform  illumination  of  all  cells;  cf.  page  864).  Other,  equally 
reliable  measurements  gave,  however,  an  entirely  different  picture — 
families  of  P  =  /(Fj)  curves  that  diverged  from  the  very  origin  (cf.,  for 
example,  fig.  27.1).  On  the  basis  of  measurements  of  this  type,  Bose  (1924) 
went  to  another  extreme  and  suggested,  as  an  alternative  to  Blackman’s 


postulate,  that  the  effect  of  a  certain  change  in  a  factor,  Fh  on  the  yield  of 
photosynthesis,  is  independent  of  the  prevailing  values  of  all  the  other  fac¬ 
tors,  F2,  F3...  (while  according  to  Blackman  this  effect  should  depend  en¬ 
tirely  on  whether  F1  is  the  “limiting  factor”  or  not).  Bose’s  postulate 
requires  that  the  curves  representing  the  yield  of  photosynthesis  in  relation 
to  a  factor  F,  at  different  values  of  F2  have  shapes  of  the  type  shown  in 
figure  26.3.  Bose’s  “law”  was  derived  from  a  very  small  number  of  meas¬ 
urements,  and  is  merely  another  approximation,  applicable  to  certain  con¬ 
ditions  opposite  to  those  that  favor  the  “Blackman  behavior.” 

Blackman  type”  curve  systems  have  widely  separated  saturation 
plateaus,  but  coincident  initial  slopes;  “Bose  type”  curve  systems  also 

ften  TT  ni  T  a  P  eaUS’  bUt  diStinCt  initial  sluPes-  We  will 
lefei  to  Blackman  type  curve  systems  as  the  “first  type,”  and  to  Bose 

pe  Olive  systems  as  the  “second  type.”  A  third  type  of  kinetic  curves 
encountered  “  Ph0t0synthesis-  is  characterized  by  initial  divergence 
but  final  convergence  m  a  common  saturation  plateau  (as  in  fig” 
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The  conditions  that  bring  about  the  three  types  of  curves  will  be  discussed 
later  in  this  chapter. 

\\  hile  the  limitations  of  Blackman’s  law  of  limiting  factors  were  de¬ 
bated,  Liebig’s  notion  of  the  “absolute  minimum”  of  one  nutritive  factor, 
from  which  Blackman’s  concept  was  derived,  also  was  found  to  be  too 
rigid,  and  attempts  were  made  to  change  it  so  as  to  admit  the  possibility  of 
simultaneous  sensitivity  of  a  crop  to  several  nutrient  factors,  each  of  which 
was  said  to  be  in  a  “relative  minimum.”  New  analytical  formulations 
of  the  minimum  law,  suggested,  e.  g.,  by  Mitscherlich  (1909,  1916,  1919, 
1921)  and  Baule  (1918,  1920),  led  to  yield  curves  that  approached  the 
maximum  asymptotically,  without  a  sudden  break. 

Similar  compromise  solutions  were  suggested  for  photosynthesis. 
Harder  (1921),  Lundegardh  (1921,  1924)  and  Singh  and  Lai  (1935)  con- 


Increose 
of  Fz 


Fig.  26.3.  Kinetic  curves  of  the 
second  type  (Bose  type). 


Fig.  26.4.  Kinetic  curves  of  the  third  type. 
Arrow  indicates  increase  of  F i. 


eluded  from  their  measurements  that  the  rate  of  photosynthesis  mat  de¬ 
pend  on  several  factors  at  the  same  time;  when  one  “factor”  gradually 
ceases  to  be  “limiting,”  the  influence  of  another  one  increases.  This  con¬ 
cept  stands  midway  between  the  two  postulates  of  Blackman  and  Bose, 
attempts  have  been  made  to  use  it  for  a  general  formulation  of  the  kinetic 

relationships  in  photosynthesis. 

However,  because  of  the  diversity  of  factors  and  conditions  encoun¬ 
tered  in  photosynthesis,  it  is  unlikely  that  any  analytical  approximation 
will  prove  equally  satisfactory  for  all  the  cases  studied.  Liebig  s  law  of 
the  minimum  applied  to  one  kind  of  factor  only-nutrient  elements;  , 
was  not  unreasonable  to  suggest  that  it  represents  an  equally  good  first 
approximation  for  all  such  factors,  and  that  an  improved  mathemat  ca 
formulation  may  provide  a  generally  useful  second  approximation.  S 
hopes  are  much  less  justified  in  the  case  of  photosynthesis,  where  Blackman 
included  under  the  heading  of  ‘■limiting  factors”  such  heterogeneous  mag- 
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nitudes  as  the  concentration  of  a  reactant  (C02),  the  amount  of  the  sensi¬ 
tizer  (chlorophyll),  the  rate  of  supply  ol  light  energy,  and  tempeiature. 

Masked  (19282),  in  a  paper  from  Blackman’s  laboratory,  made  one 
more  attempt  to  justify  Blackman’s  law  in  its  original  form.  He  suggested 
that  the  cause  of  the  apparent  deviations  from  this  law  lies  in  “mutual  in¬ 
teraction  of  factors.”  Here  is  one  example  of  what  he  meant:  In  the 
“carbon  dioxide-limited  state,”  the  rate-determining  carbon  dioxide  con¬ 
centration  must  be  that  prevailing  in  the  immediate  neighborhood  of  the 
chloroplasts.  Because  of  the  consumption  of  carbon  dioxide  by  photo¬ 
synthesis,  this  concentration  is  not  necessarily  identical  with  the  outside 
concentration  (in  the  atmosphere  or  in  the  ambient  solution),  but  depends 
on  the  rate  of  diffusion  of  carbon  dioxide  from  the  medium  to  the  chloro¬ 
plasts,  and  thus  on  the  aperture  of  the  stomata.  Consequently,  if  illumina¬ 
tion  causes  changes  in  this  aperture,  it  may  indirectly  affect  the  rate  of 
photosynthesis  even  in  the  “carbon  dioxide-limited”  state,  not  because  the 
rate  is  “truly”  sensitive  to  both  light  intensity,  I,  and  carbon  dioxide  con¬ 
centration,  [C02],  at  the  same  time,  but  because  illumination  influences  the 
effective  value  of  the  factor  [C02]! 

However,  the  insistence  that  a  “true”  limiting  factor  must  exist  under 
all  conditions  is  alien  to  reaction  kinetics.  The  relation  between  the  “law 


of  limiting  factors”  and  the  general  concepts  of  reaction  kinetics  was  first 
clearly  stated  by  Romell  in  1926.  He  pointed  out  that  Blackman’s  term 
slowest  factor”  is  meaningless,  and  that  one  can  only  speak  of  a  slowest 
process  in  a  sequence  of  processes.  The  rate  of  a  simple  homogeneous  re¬ 
action  usually  is  a  function  of  all  the  relevant  factors,  e.  g.,  the  concentra¬ 
tions  of  all  reactants,  temperature  and  (in  a  photochemical  process)  light 
intensity.  “Limitation”  effects  of  the  type  suggested  by  Blackman  can  oc- 
cm  only  if  the  reaction,  the  over-all  rate  of  which  is  being  measured,  con¬ 
sists  of  several  successive  steps,  with  one  step  supplying  the  reactants  for 
the  next  one.  If  the  supply  process  is  slow,  it  becomes  a  “bottleneck,” 
and  the  velocity  of  the  over-all  reaction  may  become  independent  of  all  fac¬ 
tors  which  do  not  affect  this  one  “limiting”  or  “rate-determining”  step.  A 
simple  example  is  provided  by  many  photochemical  reactions,  where  the 
supply  of  light-Mt'vated  molecules  is  the  “bottleneck,"  or  limiting  process. 

enever  Blackman  behavior”  is  observed  in  practice,  it  can  be  assumed 
^  at  one  is  dealing  with  a  senes  of  consecutive  reactions  that  includes  (at 
east)  one  step  of  limited  maximum  efficiency.  The  rate  of  the  over-all 

the — rate  °f  ~  <’f  *• — 
1  he  bottleneck  stage  of  photosynthesis  may  be  the  supply  of  lioht  en. 

consider  the .DT^  ^  °  ’cactant  Hr  the  rem°val  of  a  reaction  product.  We  will 
consider  these  three  cases  more  closely  in  section  3  of  this  chapter.  We  will 
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see  there  that,  even  when  a  “bottleneck”  reaction  does  exist,  the  relation¬ 
ships  postulated  by  Blackman  are  only  approximated,  but  never  exactly 
fulfilled. 


2.  Photosynthesis  Not  a  Homogeneous  Reaction 

In  the  kinetic  treatment  of  photosynthesis,  it  is  necessary  to  keep  in 
mind  that  photosynthesis  is  not  a  homogeneous  reaction.  This  statement  is 
true  in  a  twofold  sense :  In  the  first  place,  the  photosynthetic  apparatus  is 
a  colloidal  system  with  a  definite  structure — probably  containing  rows  of 
oriented  pigment  molecules  adsorbed  on  interfaces  between  proteinaceous 
and  lipide  layers  (c/.  the  discussion  in  chapter  12,  Yol.  I).  In  the  second 
place,  the  supply  of  light  energy  and  of  the  reactants  to  different  parts  of 
this  structure  is  not  uniform,  particularly  when  photosynthesis  proceeds  at 
a  high  rate. 

Let  us  consider  these  two  aspects  of  the  problem  more  closely. 

The  reactions  involved  in  photosynthesis  are,  at  least  in  part,  surface 
reactions.  It  is  furthermore  likely  that  they  can  be  called  topochemical 
reactions — meaning  that  they  occur  not  by  encounters  of  molecules  moving 
about  at  random  in  two-dimensional  adsorption  layers,  but  by  a  more  pur¬ 
poseful  mechanism,  which  requires  the  reacting  molecules  to  take  definite 
paths  past  a  number  of  catalytic  “reaction  centers.”  The  products  formed 
in  one  reaction  center  are  directed  to  the  next  one,  so  that  back  reactions 
of  unstable,  intermediate  products  of  oxidation  and  reduction  products  are 
prevented  by  their  spatial  separation.  Equations  based  on  the  law  of  mass 
action  can  be  applied  to  this  type  of  reaction  only  with  considerable  reser¬ 
vations. 

The  second  aspect  of  the  inhomogeneous  character  of  photosynthesis 
the  nonuniform  supply  of  reactants  and  energy  to  the  different  regions  of 
the  photosynthetic  apparatus— was  repeatedly  discussed  in  the  literature, 
for  example,  by  Schanderl  and  Kaempfert  (1932)  and  Katz,  Wassink  and 
Dorrestein  (1942).  Even  if  the  chlorophyll  molecules  and  the  catalyst 
molecules  participating  in  photosynthesis  were  available  uniformly  in  all 
parts  of  a  chloroplast-which  is  in  itself  uncertain-the  supply  of  carbon 
dioxide,  as  well  as  that  of  light  quanta,  is  likely  to  vary  from  place  to  place. 
In  strong  light,  and  with  a  limited  supply  of  carbon  dioxide,  the  chloro¬ 
phyll  molecules  closer  to  the  source  of  supply  may  use  up  most  of  the  i  aval  - 
able  reduction  substrate  and  leave  only  little  for  the  less  favorably  situated 
pigment  particles;  in  other  words,  the  numerical  value  of  the  concentia, 
tion  factor  [CO,]  in  kinetic  equations  may  vary  from  pbce  to  p  ^  A 
similar  consideration  applies  to  the  light  intensity  facto,,  /.  Because  of 
the  high  optical  density  of  chloroplasts  particulaily  01  re 
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violet  light  (c/.  figure  22.35,  p.  G98)— the  rate  of  light  absorption  is  likely 
to  be  much  slower  for  chlorophyll  molecules  situated  deep  in  the  body  of  a 
chloroplast  (or  on  the  ashady  side’’  of  it)  than  lor  those  located  on  the  light- 
exposed  surface.  Thus,  inhomogeneity  cannot  be  avoided  even  by  using 
dilute  cell  suspensions  in  which  illumination  is  the  same  for  all  cells,  but 
not  for  all  chlorophyll  molecules  in  them.  In  denser  suspensions,  only  a 
uniform  time  average  of  illumination  of  all  cells  can  be  achieved,  and  this  only 
by  very  intense  stirring.  In  the  thalli  of  multicellular  algae,  or  in  the 
leaves  of  the  higher  plants,  the  disparity  between  the  rates  of  light  absorp¬ 
tion  in  different  cells  cannot  be  corrected  at  all.  The  absorption  in  the 


Fig  26.5.  Weakening  of  light  in  transmission  through  a  leaf  of  Cyclamen  pcrsicum 
(after  Sehanderl  and  Kaempfert  1933).  Scale  at  right  of  leaf  cross-section,  depth  in 

microns. 


spongy  parenchyma  cells,  for  example,  is  under  all  circumstances  consider¬ 
ably  weaker  than  that  in  the  palisade  cells  ( cf .  fig.  26.5).  Thus  in  curves 
representing  the  rate  of  photosynthesis  ( P )  as  a  function  of  carbon  dioxide 
concen  ration  or  light  intensity,  the  abscissae  are  mean  values  (averaged 
over  the  whole  cell  or  over  many  cells).  This  alone  must  prevent  these 

!,f  limit  0nJ  °  OWlng  the  eourse  su£gested  by  Blackman,  even  if  the  law 
of  lrmting  factors  were  exactly  valid  for  the  ideal  case  of  a  uniformly  illum- 

Dorrestein  SS  T1"*1  hon*>ieneous  system.  Katz,  Wassink  and 

tally  obtdne'd  ^dight^urees"’’6?0— 

Hght  fallhg  «  th*  of  a  ;l,0)ih  a  s«o: 
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teria),  can  be  recalculated  to  represent  P  in  relation  to  the  average  light 
intensity,  I,  actually  falling  on  an  individual  algal  or  bacterial  cell  (see 
p.  1009  and  figs.  28.22A,  B  and  C). 


3.  Some  General  Kinetic  Considerations 

Some  investigators,  who  realized  the  inevitable  distortion  of  light  curves 
and  carbon  dioxide  curves  of  photosynthesis  by  the  “depth  effects”  dis¬ 
cussed  in  the  preceding  section,  assumed  that  in  the  measure  in  which  these 
effects  can  be  eliminated  (experimentally,  by  the  use  of  very  dilute  systems, 
or  mathematically,  by  applying  adequate  corrections  for  inhomogeneity) 
the  kinetic  curves  would  approach  the  ideal  “Blackman  type.”  Undoubt¬ 
edly,  the  elimination  of  depth  effects  shortens  the  transitional  region  be¬ 
tween  the  ascending  part  of  the  curves  and  the  saturation  plateau;  but 
figure  28.22C  shows  that  it  does  not  make  the  breaks  sharp.  Only  a  frac¬ 
tion  of  deviations  from  “Blackman  behavior”  can  be  attributed  to  inhomo¬ 
geneity;  even  with  all  “depth  effects”  eliminated,  the  kinetic  analysis  of 
photosynthesis  will  still  have  to  contend  with  kinetic  curve  systems  of  all 
three  types  exemplified  by  figures  26.2,  26.3  and  26.4. 

The  common  feature  of  all  these  curves  is  the  occurrence  of  saturation, 
i.  e.,  of  states  in  which  the  rate  of  photosynthesis  is  independent  of  the  vari¬ 
able  Fi.  The  saturation  level  may  depend  on  the  parameter  F2— as  in  the 
Blackman  type  and  Bose  type  curve  systems  (figs.  23.2  and  23.3)  or  it  may 
be  independent  of  F2,  in  which  case  curve  systems  of  the  “third  type” 
(fig.  23.4)  are  observed. 


(a)  Sources  of  Saturation  in  Photosynthesis 

The  over-all  rate  of  a  process  consisting  of  a  series  of  successive  chemical 
or  physical  stages— sometimes  referred  to  as  a  catenary  series— cannot  ex¬ 
ceed  the  rate  of  any  of  its  individual  steps.  “Saturation”  ot  such  a  process 
with  respect  to  a  given  kinetic  variable,  Fh  is  therefore  reached  whenever 
the  over-all  rate  becomes  equal  to  the  maximum  rate  of  a  single  step  (a 
step  which  in  itself  must  be  independent  of  this  variable).  For  examp  e, 
under  given  conditions  of  external  carbon  dioxide  pressure  and  temperature 
(perhaps  also  humidity  and  other  factors  affecting  the  colloidal  structure  o 
the  cell),  carbon  dioxide  can  be  supplied  to  the  photosynthes.zmg  cells  at 
not  more  than  a  certain  maximum  rate,  which  is  reached  when  the  static  - 
ary  concentration,  [C02],  at  the  site  of  photosynthesis  is  zero, .and  the  d  f- 
fusion  gradient  between  the  medium  and  the  chlorop  ast  ha*  herefoie  the 
maximum  possible  value.  This  maximum  rate  of  carbon  dioxide i  supply 
diffusion  is  independent  of  illumination  (except  for  possible  indnect  le  „ 
tions  of  the  type  mentioned  on  page  803).  iherelore,  ug 
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should  occur  whenever  the  over-all  rate  of 'photosynthesis  approaches  the 
maximum  rate  of  carbon  dioxide  supply  by  diffusion.  In  this  considera¬ 
tion,  the  diffusion  of  carbon  dioxide  could  be  replaced  by  a  preliminary 
chemical  reaction  the  rate  of  which  is  proportional  to  the  concentration, 
[CO 2],e.g.,  the  formation  of  the  compound  { C02 }  from  carbon  dioxide  and 
an  “acceptor,”  which  was  postulated  in  chapter  8  (Vol.  I).  In  this  case, 
light  saturation  is  determined  by  the  maximum  possible  rate  of  formation 
of  [C02[  that  is  reached  when  all  acceptor  molecules  are  free,  (i.  e.,  when 
all  complexes  [C02|  are  utilized  for  photosynthesis  practically  instantane¬ 
ously  after  their  formation).  Similarly,  “carbon  dioxide  saturation”  must 
occur  whenever  the  over-all  rate  of  photosynthesis  approaches  the  rate  of 
supply  of  light  energy,  and  the  quantum  yield  assumes  its  highest  possible 
value. 

There  are  other  factors,  besides  carbon  dioxide  supply  and  the  supply 
of  light  energy,  which  also  can  impose  “ceilings”  on  the  over-all  rate  of  pho¬ 
tosynthesis  and  thus  cause  saturation  phenomena.  This  role  can  be  played, 
e.  g.,  by  the  concentration  of  any  one  of  the  several  catalysts  participating 
in  photosynthesis  (including  the  “photocatalyst”  chlorophyll).  For  ex¬ 
ample,  if  one  reaction  step  in  the  “catenary  series”  of  photosynthesis  is  the 
monomolecular  transformation  of  a  catalyst-substrate  complex: 


(Catalyst  4-  Substrate) 


■>  Catalyst  +  Product 


the  maximum  rate  of  this  reaction  step  is  reached  when  all  the  available 
catalyst  molecules  are  loaded  with  substrate  molecules.  When  photosyn¬ 
thesis  proceeds  at  a  rate  that  requires  such  maximum  utilization  of  one  cata¬ 
lyst,  variations  in  most  kinetic  variables  (such  as  the  concentrations  of  the 
reaction  partners  or  of  the  other  catalysts,  or  light  intensity)  cannot  increase 
the  rate  any  further.  Only  a  rise  of  temperature  can  lift  the  “ceiling”  im¬ 
posed  by  the  maximum  velocity  of  such  a  catalytic  transformation  The 
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ables.  There  is  no  theoretical  reason  to  expect,  and  no  actual  experience 
to  indicate,  that  saturation  with  respect  to,  say,  light  intensity,  or  carbon 
dioxide  concentration,  is  always  caused  by  the  same  “limiting  factor.”  To 
the  contrary,  clear  indications  can  be  found  of  saturation  phenomena  caused 
by  slow  diffusion,  slow  carboxylation,  various  catalytic  deficiencies,  limited 
light  supply  and  limited  supply  of  reductants  (in  bacterial  photosynthesis) . 
One  may  consider  this  as  evidence  of  good  adjustment  of  the  photosynthetic 
process  as  a  whole,  since  it  means  that  the  different  parts  of  the  complex 
mechanism  of  photosynthesis  have  approximately  the  same  maximum 
capacity.  One  understands,  in  the  light  of  this  multiplicity  of  possible 
rate-limiting  steps,  why  repeated  attempts  to  represent  the  kinetics  of 
photosynthesis  by  means  of  models  consisting  of  a  small  number  of  reac¬ 
tions,  e.  g.,  of  one  light  reaction  and  one  dark  reaction  only,  could  not  have 
led  to  more  than  very  limited  success. 

Saturation  with  carbon  dioxide  is  reached  at  pressures  three  or  four  times 
higher  than  the  partial  pressure  of  carbon  dioxide  in  the  free  atmosphere 
(c/.  Table  27.1);  while  saturation  with  light  is  reached  at  light  intensities 
equivalent  to  10-100%  of  full  midday  sunlight  (cf.  Table  28.1)  and  thus 
about  equal  to  the  average  light  intensity  to  which  freely  growing  plants 
are  exposed  in  nature.  The  optimum  temperature  of  photosynthesis  is  some¬ 
what  above  the  average  summer  temperature,  at  least  in  temperate  zones. 
An  approximate  adjustment  of  the  photosynthetic  mechanism  to  natural 
conditions  is  thus  obvious.  Perhaps,  this  adjustment  was  achieved  in 
times  when  both  the  average  temperature  and  the  carbon  dioxide  content 
of  the  atmosphere  were  somewhat  higher  than  they  are  now.  However, 
this  inference  is  by  no  means  certain ;  nature  has  seldom  been  able  to  de¬ 
velop  ideal  solutions  of  its  adaptation  problems,  and  is  usually  satisfied 
with  more  or  less  rough  approximations.  The  present  kinetics  of  photo¬ 
synthesis  may  have  been  the  best  plants  were  able  to  evolve  in  response 
to  the  now  prevailing  climatic  conditions. 


(6)  Origin  of  Kinetic  Curve  Systems  of  Different  Types 

The  distinctive  feature  of  “Blackman  type  curves,”  described  on  page 
860  are  closely  coincident  initial,  linear  parts  of  the  curves.  is  c  aiac 
teristic  distinguishes  them  from  the  two  other  types  of  curve  systems,  repre¬ 
sented  in  figures  20.3  and  26.4.  On  the  other  hand,  Blackman  curves 
(fig.  26.2)  and  Bose  curves  (fig.  26.3)  have  in  common  a  wide  spacing  of 
saturation  plateaus,  while  curves  of  the  “third  type”  in  figure  26.4  all  ap- 

Vr7oi^Z7or^ataZl7'the  saturation  levels  depends  on  whether 
saturation  isimposecT I by  the  same  parameter  ft,  to  which  the  set  of  curves 
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refers,  or  by  some  other  parameter,  F3,  Fi  ...  For  example,  in  a  set  of 
curves,  P  =  /[C02],  for  various  values  of  light  intensity,  I,  the  saturation 
levels  will  be  well  separated  (as  in  figs.  26.2  and  26.3)  if  saturation  is  im¬ 
posed  by  the  rate  of  light  supply,  but  will  coincide  (as  in  fig.  26.4)  if  satura¬ 
tion  is  due  to  the  limited  rate  of  a  dark,  catalytic  reaction. 

Coincidence  or  divergence  of  the  initial  slopes  depends  on  the  qualitative 
and  quantitative  relationships  between  the  variables  F i  and  F2.  If  both 
these  variables  affect  the  rate  of  the  same  reaction  step,  the  rate  will  genei- 
ally  depend  on  both  of  them.  For  example,  if  F\  is  the  concentration, 
[C02],  and  F2  is  temperature,  and  if  the  slope  of  the  ascending  part  of  the 
curves  P  =  /  [C02]  is  determined  by  the  velocity  of  carbon  dioxide  supply 
by  diffusion,  this  slope  will  depend  on  temperature.  If,  on  the  other  hand 
(a)  the  factors  Fy  and  F2  affect  different  steps  in  the  “catenary  series” 
(e.  g.,  if  F 1  is  light  intensity  and  F2  is  temperature)  and  ( h )  the  relative 
values  of  Fy  and  F2  are  such  that  the  process  affected  by  F2  is  far  below7  its 
maximum  rate  when  that  affected  by  Fi  approaches  its  maximum  rate — 
then  (and  only  then)  the  reaction  rate  will  be  a  function  of  F 1  alone,  and 
practically  independent  of  F2. 

The  second  condition  (b)  is  important.  Contrary  to  the  way  in  which 
the  concept  of  “limiting  factors”  or  “rate-determining  reaction  steps”  often 
is  used,  the  existence  of  a  reaction  step  of  limited  maximum  efficiency  af¬ 
fects  the  rate  of  the  over-all  reaction  long  before  the  rate  actually  “hits 
the  ceiling.”  Therefore,  if  seA7eral  reaction  steps  have  maximum  rates 
which  are  not  too  different  in  their  order  of  magnitude,  the  rate  of  the  over¬ 
all  reaction  must  be  affected  by  all  these  “potential  bottlenecks”  and  not 
only  by  the  “narrowest”  one. 

This  fact  was  recognized  in  the  alterations  of  Liebig’s  “law  of  the  mini¬ 
mum,  which  we  have  mentioned  on  page  862,  and  some  quantitative  illus¬ 
trations  of  it  will  be  given  later  in  our  analytical  discussions.  To  make  it 
plausible,  we  may  use  a  mechanical  analogy;  the  flow  of  w7ater  through 
a  system  of  pipes  with  several  strictions  depends  on  the  diameter  and  length 
ol  all  of  them,  and  not  only  on  the  one  that  has  the  greatest  flow7  resistance. 

n  the  plot  of  P  against  Fy,  for  different  values  of  F2,  w7e  can  expect  all 
curves  to  be  to  the  right  of,  and  below,  two  “limiting”  lines:  one  a  slant- 
mg  roof  imposed  by  the  maximum  rate  of  the  “slowest”  reaction  step 
the  rate  of  which  is  proportional  to  Fy  (or,  more  generally,  is  a  function  of 
1) ,  and  the  second  a  horizontal  “ceiling”  imposed  by  the  maximum  rate 
of  the  slowest  reaction  step  the  maximum  rate  of  which  is  independent  of 

turns  theTwnH16’-!"  6  °f  °UrVeS  P  =  5  tC0*l-  for  different  tempera- 
diffSion  of  ^  r  ^  CTeS  Tl be  detemiined  ^  the  maximum  rate  of 

mTkI  t T  t  “d  th6  ^  °f  Hght  ^sorption,  respectively 

•  )■  hese  two  hmiting  lines  together  form  a  typical  “Blackman 
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curve”;  but  they  are  merely  limits  within  which  the  actual  kinetic  curves 
are  confined.  The  point  we  are  trying  to  make— in  advance  of  its  analyti¬ 
cal  proof  is  that  it  would  be  wrong  to  imagine  that  the  existence  of  the 
“roof”  OA  and  the  “ceiling”  BC  will  leave  unaffected  the  curves  situated 
entirely  within  the  “permitted  area”  OXC,  and  merely  force  back  into  this 
area  the  curves  (or  section  of  curves)  that  would  otherwise  cross  the  limit- 


Fig.  26.6.  “Roof”  and  “ceiling.”  OA,  maximum  rate  of  a  diffusion  step 
(proportional  to  [CO,]);  OA',  maximum  rate  of  carboxylation  (proportional 
to  [C02])'  BC,  maximum  rate  of  primary  photochemical  process  ( =  rate  of 
light  absorption)  (independent  of  [CO,]);  B'C’,  B"C",  maximum  rates  of 
catalytic  reactions. 


ing  lines.  To  the  contrary,  the  existence  of  the  roof  and  the  ceiling 

as  well  as  that  of  the  potential,  higher  “roofs”  and  “ceilings  (OA  ,  B  C  , 
B"C "  in  fig.  26.6)— will  push  down  and  toward  the  right  even  the  kinetic 
curves  that  would  not  have  approached  the  limiting  values  if  the  limitations 


We  will  have  opportunity  for  analytical  proof  of  these  statements 
subsequent  chapters.  For  example,  in  chapter  27  we  will  derive  carbon 
dioxide  curves”  of  photosynthesis  from  simple  models  of  the  mechanism 
X  of  carbon  dioxide  into  the  photosynthetic  reaction;  and  we  will  find 
there  that  the  sequence  of  the  two  reactions: 
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(26.1)  CO;  +  A  ^  AC02  +1  A  +  {HCO2} 

ka' 

(i.  e.,  a  reversible  binding  of  carbon  dioxide  by  an  acceptoi  A  followed  by 
reduction  of  the  complex  ACO2  by  a  photochemically  produced  reductant 
{ H } )  leads  to  a  “Bose  type”  system  of  curves  P  =  /[C02]  (where  P  is  the 
rate  of  the  over-all  reaction).  If  carboxylation  is  so  rapid  (compared  with 
photosjmthesis)  that  its  equilibrium  is  not  disturbed  even  in  strong  light, 
these  “carbon  dioxide  curves”  will  be  hyperbolae,  w7hich  diverge  from  the 
origin,  and  remain  in  a  constant  ratio  up  to  saturation.  Saturation  corre¬ 
sponds,  in  this  case,  to  complete  carboxylation  of  all  the  available  acceptor, 
and  is  therefore  reached  at  the  same  value  of  the  variable  [C02]  in  all 
curves.  The  saturation  rate  rises  with  increasing  concentration  of  the 
reductant  |H}  (and  therefore  also  with  light  intensity,  since  wye  assume 
that  {HJ  is  produced  by  light). 

We  will  further  see  that,  if  carboxylation  is  a  slow7  process  the  rate  of 
which  is  proportional  to  [CO2],  a  [C02]-proportional  “roof”  is  imposed  on 
the  rate  of  the  over-all  reaction,  namely : 

(26.2)  Pmax.  =  kaA0  [CO*] 


where  A0  is  the  total  concentration  of  the  acceptor*,  and  ka  the  rate 
constant  of  carboxylation  (cf.  equation  26.1).  We  will  show  that,  because 
of  this  “roof,”  the  curves  P  =  /  [C02],  wdiich  would  otherwise  begin  with 
the  slope  ka A0  (i.  e.,  which  would  stay  just  inside  the  “permitted  area”) 
will  be  reduced  to  an  initial  slope  half  as  large ,  i.  e .,  ka Ao/2.  More  gener¬ 
ally,  curves  that,  without  limitation,  wrould  have  begun  with  a  slope  aka Ao 
will  be  reduced  to  an  initial  slope  kaA0a/(a  +  1).  Thus  curves  that  in 
the  case  ol  rapid  carboxylation  would  begin  with  slopes  between  10  ka A0 
and  100  ka A0,  would  all  be  confined,  in  consequence  of  slow  carboxylation, 
to  slopes  between  10/11  ka A0  and  100/101  ka A0,  and  would  thus  present  a 
“man  Picture”  If  the  carboxylation  product,  AC02,  in  equation 
(26  1)  has  to  undergo  a  monomolecular  transformation  before  it  can  react 

with  HJ,  this  would  impose  a  [C02]-independent  ceiling  on  the  rate  of  the 
overall  reaction,  namely: 


(26.3) 


P  max.  —  k\Ao 


Sr.nH  A  l!ie  77  0f  the  postulated  monomolecular  transforma- 

tion,  ami  A.  the  total  available  quantity  of  A.  As  a  result  of  this  “ceiling  ” 

tliejmn  es  P  -  /  [CO,],  which  would  otherwise  reach  a  saturation  value  of 

,Ao’  11  be  reduced  t0  a  saturation  level  half  as  high,  P  =  k,\„/2. 

i:[c^z,ation  of  «•. « 
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The  curves  that  would  otherwise  reach  a  saturation  value  high  above  /ciA0 
will  be  crowded  into  a  narrow  space  immediately  below  fciA0,  and  the  curves 
with  saturation  values  below  fciAo,  will  all  be  depressed.  A  curve  the  satu¬ 
ration  level  of  which  would  otherwise  be  /3fcxA0  will  be  reduced  by  the  im¬ 
position  of  the  ceiling  to  a  saturation  level  of  /3fcxA0/ (/3  +  1).  It  follows 
from  this  formula  that,  even  if  the  saturation  rate  without  the  limitation 
were  only  one  tenth  of  the  maximum  rate  of  the  postulated  monomolec- 
ular  transformation  of  AC03,  it  would  nevertheless  be  reduced  by  10%  by 
this  “potential  bottleneck.” 


4.  Internal  Factors  and  the  “Physiological  Concept”  of  Photosynthesis 


The  belief,  referred  to  on  page  8G0,  that  the  rate  of  photosynthesis 
must  obey  a  simple  and  rigid  kinetic  law  has  been  partly  responsible  for  the 
conclusion,  reached  by  some  plant  physiologists,  that  it  does  not  obey  any 
recognizable  kinetic  law  at  all.  These  physiologists,  disillusioned  by  the 
over-simplifications  in  which  the  preceding  generation  had  indulged,  turned 
their  attention  to  the  complex  relations  between  photosynthesis  and  other 
phenomena  of  plant  life,  such  as  nutrition,  respiration,  growth  or  aging. 
Factors  often  referred  to  as  “internal”  or  “plasmatic”  are  supposed  to  be 
responsible  for  these  relations.  Stressing  the  prime  importance  of  these 
factors  in  the  regulation  of  photosynthesis,  Kostychev  and  his  pupils 
minimized  or  denied  the  direct  influence  of  the  easily  regulated  “external” 
factors,  such  as  light  intensity,  CO2  concentration  and  tempeiatuie. 


Their  revolt  against  the  application  of  kinetic  laws  to  photosynthesis  and  similar 
processes  would  perhaps  be  less  violent  if  these  physiologists  would  have  realized  that  the 
“law  of  limiting  factors”  is  bv  no  means  the  last  word  in  the  physicochemical  approach 
to  photosynthesis,  that,  in  fact,  the  concept  of  “limiting  factors”  is  foreign  to  reaction 
kinetics.  The  belief  that  no  other  kinetic  laws  are  possible  led  Chesnokov  and  Bazyrina 
(1930)  to  argue  that  since,  according  to  Harder  and  Lundegardh,  the  factors  car  on 
dioxide  concentration”  and  "light  intensity”  are  not  "truly  limiting”  ,  e  that  often 
the  change  in  either  of  these  factors  can  affect  the  rate)  the  true  limiting  factors  mus 
be  sought  inside  the  plant.  It  did  not  occur  to  them  that  photosynthesis  may  have  no 

“true”  limiting  factor  at  all. 

Kostychev,  in  an  article  called  “A  New  Concept  of  Photosynthesis” 
(1931)  suggested  that  “external”  factors  affect  photosynthesis  mainly,  if 
not  exclusively,  in  an  indirect  way,  by  stimulating  or  inhibiting  ceitain 
unknown  plasmatic  activities.  Alt  the  conclusions  obtained  by  Blacknu 
(and  others  before  and  after  him)  on  the  basis  of  the  “phys.cochem.^1 
approach  were  rejected  by  Kostychev  as  spurious.  A  similar  point  ol  v 
was  taken  by  van  der  Paauw  (1932)  and  by  Kostychev  s  co-woikers, 
Chesnokov  and  Bazyrina  (1930, 1932),  who  sought  to  prove  by  experiments 
that  two  external  factors-carbon  dioxide  concentration  and  «mperatn 
have  no  direct  effect  on  the  rate  of  photosynthesis  at  all,  and  that 
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one— light  intensity— affects  this  process  only  partly  by  direct  action,  and 
partly  through  plasmatic  stimulation. 

In  the  U.S.S.R.,  there  is  a  tendency  now  to  consider  this  point  of  view  as  the  only 
one  in  accord  with  dialectic  materialism,  and  attempts  to  isolate  photosynthesis  from 
other  functions  of  the  living  organism  and  study  it  as  an  independent  photochemical 
reaction  are  criticized  as  “mechanistic.”*  Such  dogmatic  assertions,  practically 
banished  from  physics  and  chemistry,  but  still  recurring  in  biological  sciences,  particu¬ 
larly  in  the  U.S.S.R.,  are  strangely  beside  the  point.  A  reaction  in  a  living  organism 
is  distinguished  from  that  in  a  test  tube  by  the  complexity  of  the  system  in  which  it 
takes  place.  This  complexity  is  due  to  three  causes:  the  impossibility  of  separating  the 
reacting  system  from  other  components  of  the  organism;  its  inhomogeneous  structure ; 
and  its  complex  and  largely  unknown  chemical  composition.  Unprejudiced  experiments 
alone  can  prove  whether,  despite  these  handicaps,  direct  relationships  can  be  established 
between  external  kinetic  variables  and  the  rate  of  the  specific  process  under  investigation. 
If  this  proves  possible,  a  promising  approach  to  the  understanding  of  the  process  is 
opened,  and  it  would  be  foolish  to  refuse  to  use  it  because  of  dogmatic  objections. 


5.  Rate  of  Photosynthesis  under  Constant  Conditions. 

Midday  Depression  and  Adaptation  Phenomena 

Observations  that  lend  support  to  the  “physiological”  concept  of  photo¬ 
synthesis  include,  among  others:  the  difference  in  photosynthetic  activity, 
under  identical  external  conditions,  of  plants  grown  in  various  habitats; 
the  adaptation  of  photosynthetic  activity  to  changed  conditions  (stronger 
or  weaker  light,  higher  or  lower  temperature — cf.  for  example,  Harder  1933 
and  Brilliant  1940);  the  effects  of  aging;  and  the  changes  of  photosyn¬ 
thetic  activity  under  constant  external  conditions  (fatigue,  midday  depres¬ 
sion  etc.).  Not  only  do  plants  of  different  species  behave  differently  under 
identical  external  conditions,  but  variations  are  found  also  between  “sun 
plants”  and  “shade  plants”  of  the  same  species,  “sun  leaves”  and  “shade 
leaves”  on  the  same  branch  and  even  between  different  parts  of  the  same 
leaf  (cf.  Drautz  1935).  The  photosynthetic  activity  of  a  plant  often 
changes  strongly  in  the  course  of  a  single  day,  not  to  speak  of  a  whole  season. 
Observations  of  diurnal  changes  have  played  an  especially  important  role 

m  tr!LdeV?l0Pment  °f  Kostychev’s  “new  concept”  of  photosynthesis. 

Offhand,  one  would  expect  photosynthesis  to  increase  steadily  after 
sunrise  until  the  light  intensity  has  reached  the  saturating  value,  and  then 
remain  more  or  less  constant,  unless  cloudiness  decreases  the  illumination 
be  ow  the  saturating  intensity,  until  the  evening  decline  sets  in.  The  actual 
>ehavior  of  the  plants  often  follows,  however,  a  much  more  complicated 

Zlf ' ,U,Smlllsis  .«  U- *  P "**»  of  Plant,  by  Miss 
in  Russian  in  recenH^rs  1  COmprehen8've; "=™w  of  photosynthesis  published 

w*  ~  200  Russian  and  350 
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pattern.  Thoday  (1910)  discovered  that  the  production  of  organic  material 
by  leaves  may  show  a  temporary  decline  in  the  middle  of  the  day;  the 
plant  takes  an  “afternoon  nap”  (c/.  fig.  26.7).  McLean  (1920)  observed 
that  this  decline  may  even  result  in  the  release  of  carbon  dioxide. 

The  gas  exchange  measurements  of  Ivostychev  and  co-workers  (1926- 
1931)  (c/.  also  Chesnokov,  Bazyrina  and  co-workers  1932),  carried  out 
under  a  large  variety  of  climatic  conditions,  from  Central  Asia  to  the  Arctic 
Sea,  and  with  algae  as  well  as  with  land  plants,  showed  that  the  phenom¬ 
enon  of  “midday  rest”  is  widespread  in  the  plant  world,  but  that  it  assumes 


Fig.  26.7.  Diurnal  course  of  photosynthesis  of  two  leaves  of  Erio- 
botrya  japonica  under  natural  conditions  (after  Kursanov  1933): 
solid  line,  May  30;  broken  line,  June  6. 


the  extreme  form  of  a  reversal  of  photosynthesis  and  evolution  of  carbon 
dioxide  only  under  special  conditions,  particularly  in  hot  climates. 

The  diurnal  course  of  photosynthesis  has  received  the  attention  also  of  nu^eroUfj 
other  investigators,  among  whom  we  may  mention  Geiger  (1927)  Montfort  and  Neydel 
(1928),  Masked  (1928b,  Hiramatsu  (1932),  Harder  Filzer  “d  (1^  Bosian 

(1933)  Kursanov  (1933),  Stalfelt  (1935),  von  Guttenberg  and  Buhr  (1935)  J  on  J 
(1937),  Filzer  (1938),  Neuwohner  (1938),  Neubauer  (1938),  B.  S.  Meyer  (1939)  a 

Bohning  (1949). 

Harder  (1930)  and  co-workers,  Schoder  (1932)  and  Drautz  (1935)  as 
well  as  Neuwohner  (1938),  have  attempted  to  explain  the  diurnal  curves  by 
con'bTned  variations  of  several  external  factors  (light  intens.ty  hunudity 
and  temperature).  They  succeeded  only  partially,  and  had  to  admit  tha 
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kell  (19281)  found  that  detached  cherry  laurel  leaves,  illuminated  with  con¬ 
stant  light  for  24  hours,  showed  a  deep  depression  of  photosynthesis  during 
the  night  hours;  thus,  not  only  the  “midday  nap,  but  also  the  night 
sleep”  appears  to  be  influenced  by  internal  factors. 

Geiger  (1927),  Maskell  (19281-2)  and  St&lfelt  (1935)  considered  the 
closure  of  the  stomata  as  the  immediate  cause  of  the  midday  depression. 
Maskell  (19281)  observed  that  the  nightly  depression  of  photosynthetic 
activity  of  steadily  illuminated  leaves  can  be  avoided  by  increasing  the 
partial  pressure  of  carbon  dioxide  (“pressing  carbon  dioxide  through  half- 


closed  stomata”),  and  that  steadily  illuminated  leaves  of  Hydrangea 
(the  stomata  of  which  are  almost  rigid)  showed  only  a  slight  decline  of 
photosynthesis  during  the  night  hours.  Both  Maskell  (19282)  and  St&lfelt 
(1935)  found  a  parallelism  between  the  average  aperture  of  the  stomata  and 
the  rate  of  photosynthesis  ( cf .  chapter  27,  page  910). 

It  thus  seems  plausible  that  the  diurnal  rhythm  of  photosynthesis  of 
the  higher  land  plants  is  to  a  large  extent  conditioned  by  stomatal  move¬ 
ments.  The  question  remains,  however,  what  causes  the  stomata  to  close 
at  certain  times  of  the  day,  even  though  the  illumination  and  the  carbon 
dioxide  supply  are  kept  constant? 

One  “internal  factor”  that  has  been  much  discussed  in  connection  with 
this  problem  is  the  accumulation  of  (soluble  or  insoluble)  carbohydrates. 
(Concerning  the  effect  of  excess  carbohydrates  on  the  rate  of  photosynthe¬ 
sis,  see  chapter  13,  Vol.  I.)  The  midday  depression  may  be  a  pause  during 
which  these  materials  are  translocated  or  partially  combusted.  This  ex¬ 
planation,  first  accepted  by  Ivostychev,  Kudriavtseva,  Moisejeva  and 
Smirnova  (1926)  and  Kostychev,  Bazyrina  and  Chesnokov  (1928),  was 
later  rejected  by  Chesnokov  and  Bazyrina  (19302),  who  found  that  plants 
with  entirely  different  diurnal  course  of  translocation  may  nevertheless 
show  the  same  diurnal  course  of  photosynthesis.  It  was  on  the  basis  of 
results  such  as  this  that  Kostychev  (1931)  finally  reached  his  extreme  con¬ 
clusion  concerning  the  purely  physiological  regulation  of  photosynthesis. 

i  gainst  these  findings  of  Kostychev  and  co-workers,  Kursanov  (1933) 
von  Guttenberg  and  Buhr  (1935)  and  Monch  (1937)  confirmed  the  existence 
°!  a  rehUon  between  the  accumulation  of  sugars  and  starch  and  the  diurnal 

Rul  TiatT'Tirthe?S'  HoWeVer>  accol'Ji"g  tu  von  Guttenberg  and 
fi  n  1  f  £eUW;hner  (.1938)’  n°  ^  explanation  can  be  made  to 

sprbaHt  s  Z  fayt  P7,S1°n-  In  S°me  CaS6S  <«'  0  ’ in  leaves  in 

spimg)  it  is  clearly  traceable  to  the  choking  of  the  photosynthetic  an 

^  °thCT  CaSeS  “  ~r  lea™:  on  Z 

nbusiWe  ,  .  the  ensu,n«  closure  of  stomata  provide  the  most 

“tnhenhr'  trrulation  of  Un*.  ZZ 

the  Photosy»thetic  apparatus,  as  suggested  in  Franck’s  theory 
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of  induction  (chapter  33),  is  another  type  of  mechanism  which  must  be  taken 
into  consideration.  Drop  of  the  CO2  content  of  the  air  (Bohning  1949)  and 
enhanced  CO2  supply  through  the  roots  (p.  910)  also  have  been  blamed  for 
the  midday  depression. 

The  phenomenon  of  midday  depression  was  found  by  Montfort  and 
Neydel  (1928)  also  in  stomata-free  ferns,  and  by  Kostychev  and  Soldaten- 
kov  (1926),  Kursanov  (1933)  and  Neubauer  (1938)  in  algae. 

Gessner  (1938)  found  no  pronounced  midday  decline  of  photosynthesis 
in  the  higher  aquatic  plants  ( Elodea ,  P otomageton  etc.),  except  with  shade- 
adapted  species  or  individual  plants  in  which  it  could  be  interpreted  as 
“inhibition  by  excess  light”  (c/.  Volume  1,  page  535).  Although  minor 
fluctuations  of  the  rate  remained  unexplained,  the  rate  of  photosynthesis  in 
Gessner’s  submerged  plants  generally  followed  the  changes  in  the  intensity 
of  illumination.  The  maximum  of  photosynthesis  was  often  found  in  the 
early  afternoon  rather  than  at  noon,  but  this  could  be  explained  as  a  tem¬ 
perature  effect. 


Chesnokov,  Grechikhina  and  Jermolayeva  (1932)  found  that  respiration,  too,  has  a 
complicated  diurnal  rhythm.  Because  of  this,  the  true  rate  of  photosynthesis  cannot  be 
obtained  by  applying  a  uniform  respiration  correction  to  the  net  rate  of  oxygen  liberation 
measured  at  different  times  of  the  day.  They  also  found  that  the  respiration  of  leaves 
often  is  much  stronger  than  was  generally  assumed  before.  In  young  leaves,  in  particu¬ 
lar,  the  rate  of  respiration  may  approach  that  of  photosynthesis.  This  exp  ams  w  y 
the  rate  of  carbon  dioxide  liberation  by  some  plants  during  the  midday  depression  was 
found  to  be  almost  as  large  as  the  rate  of  the  carbon  dioxide  consumption  by  photosyn¬ 
thesis  before  and  after  this  rest  period. 


However  interesting  the  phenomena  of  the  diurnal  rhythm  of  photo¬ 
synthesis,  and  similar  “physiological”  effects  (such  as  aging,  fatigue,  etc. 
may  be,  the  primary  question  for  a  kinetic  study  ol  photosynthesis  is  not 
whether  thesl  variations  can  be  explained,  but  whether  they  can  be ■  dmu- 

“nd  photosynthesis  made  to  proceed  at  ^  even  and  repr^ble 

t-iip  It  is  difficult  to  realize  such  steadiness  in  field  experiments.  • 
Jensen  and  Muller  (1929),  Boysen-Jensen  (1933)  and  Mitchell  (19  )  saK 

Lt  if  conditions  are  reasonably  constant,  rate  of  photosynthesis  .n  natura 
surroundings  remains  steady ;  but  Maximov  and  Krasnosselskaja-Max 

-  — 1  -  * whoie 

day!  1  1  Li  found  that  rapid  changes  of  the 
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several  minutes)  are  associated  with  similar  fluctuations  ol  the  caibon 
dioxide  concentration  in  the  air. 

Scarth,  Loewy  and  Shaw  (1948)  observed  that  the  photosynthesis  of 
detached  leaves,  determined  by  measuring  the  infrared  absorption  of 
carbon  dioxide,  occasionally  showed  unexplained,  regular  fluctuations 
(with  a  period  of  the  order  of  1  hour). 

When  plants  are  investigated  under  natural  conditions,  the  apparently 
erratic  behavior  can  be  attributed  to  the  difficulty  of  controlling  all  the 
relevant  factors.  However,  considerable  doubt  has  also  been  expressed 
as  to  the  capacity  of  plants  to  carry  out  photosynthesis  at  a  constant  rate 
under  controlled  conditions  in  the  laboratory.  Experiments  with  lower 
plants,  e.  g.,  unicellular  algae,  such  as  Chlorella,  have  given  comparatively 
satisfactory  results:  If  certain  prescriptions  concerning  culture  and  treat¬ 
ment  were  adhered  to,  these  algae  could  be  relied  upon  to  maintain  a  con¬ 
stant  and  reproducible  rate  of  oxygen  production  for  several  hours  (leav¬ 
ing  aside  the  short  time  induction  phenomena  to  be  discussed  in  chapter 
33).  According  to  Pratt  (19433),  when  alkaline  buffers  are  used,  the  con¬ 
stancy  of  the  rate  depends  on  the  nature  of  the  cation  present:  Thus,  in 
0.1  M  NaHC03,  the  rate  declined  during  the  first  10  hours  and  then  be¬ 
came  steady ;  in  M  KHC03,  it  increased  during  the  first  10  hours,  remained 
steady  for  the  next  5  hours  and  then  declined  rapidly;  in  0.065  M  Na- 
HC03  +  0.035  M  KHC03,  the  rate  remained  steady  for  the  first  15  hours 
and  then  began  to  decline  (see  fig.  25.1). 

Noddack  and  Eichhoff  (1939)  stated  that  for  a  given  suspension  of 
Chlorella ,  the  rate  of  photosynthesis  is  reproducible  within  =‘=10%,  and 
that  these  variations  can  be  further  reduced  by  preliminary  adaptation  of 
the  cells  to  the  light  intensity  in  which  they  are  to  be  studied. 

Experiments  with  higher  land  plants  or  aquatic  plants  have  been  con¬ 
tradictory  ,  and  at  first  rather  discouraging.  Tme,  Willstatter  and  Stoll 
(1918)  found  that  detached  leaves,  properly  supplied  with  water  and  car¬ 
bon  dioxide,  maintain  a  constant  rate  of  photosynthesis  (within  a  few  per 

foJ  4  °,r  ,6  ‘“"s'  even  in  strong  light  (40,000  lux) ;  but  Harder  (1930, 
1933  ,  Arnold  (1931)  and  Jaccard  and  Jaag  (1932)  asserted  that  strong 
trends  as  well  as  irregular  changes  develop  in  the  photosynthesis  of  aquatic 
plants  kept  under  constant  external  conditions.  Arnold  observed,  e  „ 

7“y  o'™!  “ght  (18-°00  Iux)  the  rate  photosynthesis  of 

fain  at  40^00  ^  ^  ‘°  T  to'th  of  its  original 

i  Ue’  f  f00®-6000  lux-  11  increased  for  the  first  2  or  3  hours  and  then 

i,::  “K—ir « » ™  - 

sis"",11)11?":"' 

the  plants  have  been  “acclimated”  before  the  experiment.  By 
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changing  the  ratio  of  these  two  intensities,  he  obtained  the  family  of  curves 
represented  in  figure  26.8 — some  showing  a  steady  increase  in  photosynthe¬ 
sis  with  time,  others  exhibiting  an  equally  steady  decline.  He  interpreted 
these  time  phenomena  in  terms  of  three  plasmatic  effects:  “activation,” 


Fig.  26.8.  Changes  of  photosynthesis 
with  time  in  aquatic  plants  under  constant 
conditions.  Numbers  indicate  increasing 
ratios  between  the  conditioning  and  the 
illuminating  intensity  (after  Harder  1930). 


“deactivation”  and  “exhaustion”  (the  last  two  being  distinguished  by  the 

duration  of  the  dark  period  required  for  recovery).  ..... 

Experiments  by  Gessner  (1937)  and  Steemann-Nielsen  (1942)  indicated, 
however,  that  only  the  phenomenon  of  induction  (Harder’s  “activation  ) 
is  of  fundamental  nature  (it  will  be  dealt  with  in  chapter  33),  whereas 
“deactivation”  and  “exhaustion”  can  be  avoided— at  least  as  far  as  water 
plants  in  light  of  about  40,000  lux  are  concerned— by  preventing  the  stag¬ 
nation  of  water,  and  the  consequent  dwindling  of  the  carbon  dioxi  e  siipp  1  • 


c 

3 

<D 

> 

O 
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Fin  26  9  Constant  photosynthesis  of  a  light-adapted  plant  (LI l  and  a 
shade-adapted  plant  (S)  of  Elodm  canadensis  (after  Gessner 

,  ,  +u_  immpdiate  neighborhood  of  assimilating  plants 

That  stagnant  water  in  — e“ven  if  it  contains  reserves  in  the 

can  easily  be  depleted  ot  call  -  nrnvpd  bv  the  calculations 

form  of  carbonates  and  bicarbonates)  was  find  1  b> 

of  Romell  (1927).  Figure  26.9,  taken  from  Gessnei,  shows 
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of  photosynthesis  of  two  twigs  of  Elodea  canadensis ,  one  adapted  to  strong 
light  and  another  to  weak  light,  in  a  steadily  renewed  medium.  Both  show 
good  constancy  for  many  hours  of  uninterrupted  illumination  (after  an 
initial  induction  period  in  the  shade  plant) .  Some  of  Gessner’s  experiments 
were  extended  over  6  days,  with  rate  variations  remaining  within  =fc25%. 

If  to  these  results  of  Gessner  with  aquatic  plants  we  add  those  of  War¬ 
burg  and  his  successors  with  unicellular  algae,  and  of  Hoover,  Brackett, 
and  Johnston  (1933),  Mitchell  (1936)  and  Bohning  (1949)  with  higher 
land  plants,  there  appears  to  be  no  fundamental  difference  between  plant 


Fig.  26.10.  Gas  exchange  of  Chlorella  cells  from  cultures  of 
different  ages  (in  air,  temperature  29°  C.)  (after  Wassink  and 
Katz  1939). 


classes  with  respect  to  their  capacity  to  carry  out  uniform  photosynthesis 
lor  considerable  periods  of  time. 

Experiments  with  carefully  treated  plant  material  show  a  simple  di¬ 
rect  and  reversible  response  of  the  rate  of  photosynthesis  to  at  least ’two 
external  factors,  light  intensity  and  concentration  of  carbon  dioxide  (and 
within  certain  narrow  limits,  also  to  changes  in  temperature). 

selected' material  ‘  Th ' -  ™  in  n°  Way  eliminated.  even  in  such 

selected  material.  Their  importance  is  revealed  in  the  induction  nhenom 

fluctuat  o^fTe  mte  f ^  *  T  “d  P''eVi°US  treatment  a"d  the 
fluctuations  of  the  rate,  by  as  much  as  10  or  20%,  which  occur  without 

apparent  externa,  reason.  Different  plants  or  aigll  suspen“he 
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species  (even  when  grown  under  apparently  identical  conditions)  may  differ 
in  photosynthetic  production  by  a  factor  of  2  or  3.  Effects  of  age  appear 
not  only  in  the  higher  plants  (see  the  comparison  of  young  leaves  with  ma¬ 
ture  leaves  in  table  28. V,  after  Willstatter  and  Stoll,  1918)  but  also  in  cul¬ 
tures  of  unicellular  algae  (c/.  fig.  26.10;  van  Hille  1937,  1938,  Wassink 
and  Katz  1939  and  Pratt  1943).  We  cannot  hope  to  eliminate  these 
internal  factors  in  the  study  of  photosynthesis,  but  it  is  possible  to  keep 
them  approximately  constant,  at  least  for  the  duration  of  an  experiment. 
Furthermore,  there  is  not  much  point  in  treating  these  internal  factors  as 
mysterious  “plasmatic  stimulations”  or  “inhibitions.”  It  is  reasonable  to 
expect  that  some  of  them  will  be  traced  to  accumulations  or  eliminations  of 
certain  chemical  compounds — catalysts,  poisons  or  metabolites  while 
others  will  be  found  to  be  connected  with  changes  in  the  physical  structure 
of  the  photosynthetic  apparatus,  for  example,  with  the  swelling  or  shrink¬ 
ing  of  the  protoplasm  or  changes  in  permeability  of  cell  membranes.  In 
chapter  33  we  will  discuss  the  most  extensively  studied  example  of  the  ac¬ 
tion  of  “internal  factors” — the  induction  phenomena,  and  will  attempt  to 
interpret  them  as  a  result  of  deactivation,  in  the  dark,  of  certain  catalysts 
required  for  photosynthesis,  combined  with  the  accumulation  of  metab¬ 
olites  possessing  narcotizing  properties. 


6.  Aging  and  Self-Inhibition 

The  aging  effect,  in  Chlordla  in  particular,  shown  in  figure  26.10,  has 
been  correlated  by  Pratt  (19431’2)  with  the  gradual  accumulation  of  a 
growth-inhibiting  substance  of  definite  chemical  and  biological  properties. 
Since  this  is  the  first  case  in  which  an  “internal  factor”  in  photosynthesis 
was  identified  as  a  chemical  entity,  the  observations  of  Pratt  will  be 

described  in  some  detail. 

The  production  of  a  growth-inhibiting  factor  in  CTMto  cuUures  was 
discovered  by  Pratt  in  1940  (cf.  chapter  25,  page  833).  Later  (1942)  he 
observed  that  this  “factor”  is  a  substance  that  can  be  extracted  from  aged 
cells  and  whose  action  can  then  be  demonstrated  on  young  cultures.  Its 

jarst' « =- 

growth-inhibiting  ......  ' i-i-"J 
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Figure  26.11  A  shows  that  the  rate  declined  linearly  with  the  logarithm  of 
the  amount  of  extract  added.  Experiments  at  various  light  intensities 
(fig.  26.1  IB)  showed  that  the  inhibitor  affects  the  saturation  rate  in  strong 
light  rather  than  the  quantum  yield  in  weak  light,  i.  e.,  it  acts  like  a  catalyst 


UNITS  EXTRACT,  log  scale 
O.l  0.5  1.0  5  10  100 


A  B 

lig.  26.11.  Effect  of  extract  from  aged  Chlorella  cells  on  photosynthesis  of  young  cells 
in  0.1  M  KHC03  (one  unit  =  extract  from  106  dried  cells)  (after  Pratt  1943). 


1 9411  Th  7  7  7  1JU777Lnesis  ln  V Morelia  vulgaris  with  age  (after  Pratt 

.0  tures  (taken  08  unity  in  the  figure) ™ 85  * 


poison  rather  than  like  a  narcotic  (the  difference  between  tl.ese  two  types 
of  poisoning  was  explained  in  chapter  12,  Vol.  I).  y 

In  a  logical  development  of  these  observations  Pratt  nodV\  *1 
studied  the  decline  of  photosynthetic  activity 

o.o  carbon  d, ox.de  m  a.r,  with  15,000  lux  illumination  (which,  according  to 
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fig.  26.1  IB,  is  sufficient  for  saturation).  Figure  26.12  shows  the  decline 
of  the  rate  with  advancing  age ;  after  30  days,  the  rate  was  only  one  third 
the  original — in  fair  agreement  with  Wassink  and  Katz’s  results  in  figure 
26.10.  Respiration  also  declined  during  the  same  period,  but  a  little  less 
than  photosynthesis  (to  about  one  half  the  initial  rate).  The  concentra¬ 
tion  of  chlorophyll  and  the  size  of  the  cells  showed  no  marked  change. 

The  influence  of  the  inhibitor  produced  by  aged  cultures  can  be  recog¬ 
nized  even  in  the  “second  generation”.  The  cultures  prepared  by  inocula¬ 
tion  with  a  3  day  old  culture  showed,  after  5  days’  growth,  a  10%  higher 
rate  of  photosynthesis  than  a  similar  culture  prepared  by  inoculation  with 
material  from  a  23  day  old  culture.  During  the  5  days’  growth,  the  num¬ 
ber  of  cells  has  increased  by  a  factor  of  20,  but  the  effect  of  the  inhibitor 
was  noticeable  even  after  this  dilution. 

Pratt,  Oneto  and  Pratt  (1945)  found  that  in  Chlorella  cultures  grown 
in  continuous  light  in  inorganic  medium,  the  inhibiting  agent  (  chloiel- 
lin”)  accumulated  in  the  medium  rapidly  in  the  first  3-4  days;  its  con¬ 
centration  decreased  sharply  in  the  next  2—4  days,  and  then  giew  again, 


reaching  a  constant  level  in  about  2  weeks.  The  decline  in  chloiellin  con¬ 
centration  occurs  at  the  period  when  the  increase  in  the  number  of  cells 
per  unit  volume  is  most  rapid.  Possibly,  rapidly  dividing  cells  use  up  all 
the  available  chlorellin  for  their  own  metabolism  (assuming  it  is  a  useful 
product) ;  alternatively  (if  chlorellin  is  merely  a  poison,  not  only  for  bac¬ 
teria  but  also  for  the  algae  themselves),  these  cells  may  produce  an  anti¬ 
dote  to  this  poison. 

“Chlorellin”  production  was  also  studied,  in  co-operation  with  rratt 
and  his  group,  by  Spoehr  and  co-workers  (1944, 1945, 1946).  They  worked 
on  improvement  of  the  methods  of  cultivation  of  algae  and  extraction  of 
the  antibiotic,  first  using  cell-free  culture  medium,  and  later,  the  cells 
themselves.  The  quantity  of  antibiotic  extractable  from  dried  cells  a  a 
found  to  increase  by  allowing  the  latter  to  undergo  oxidation  (by  grind¬ 
ing  and  exposing  to  light  in  air).  Brown,  partly  crystalline  matenal, ^ex¬ 
tracted  from  dried  cells  with  80%  methanol  containing  Jo  , 

transferred  into  petroleum  ether  after  acidification  js  nonantibio  .c  fi 
becomes  colorless  and  antibiotically  active  by  ox.da ho. ■  ™ 

. . .  «"»'■'  f 1 " 

to  be  proved  that  the  two  antibiotic  products  are  .dent.ca ) .  The  ce 1 
derived  antibiotic  is  a  lipoid-probably  a  mixtur e  of  —rated  jr 

STc  act“ete  ^Tto 

^e^=w^rticid.  effect  is  well  established. 
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However,  the  antibiotic  activity  of  “chlorellin”  is  not  affected  by  thiourea 
and  potassium  iodide,  which  destroy  labile  peroxides.  Spoehr  and  co¬ 
workers  noted  considerable  similarity  Detween  “chlorellin”  and  the  first 
antibiotic,  discovered  fifty  years  ago  (but  never  chemically  identified)— 
the  pyocyanase  from  Pseudomonas  ruginosa.  In  both  cases,  the  material 
seemes  to  be  a  mixture  of  several  unsaturated  fatty  acids. 

Further  chemical  study  showed  that  the  mixture  obtained  by  photox- 
idation  of  the  fatty  acids  from  Chlorella  contained  short-chain  acids  (about 
Cn)  separable  by  distillation,  and  showing  a  relatively  strong  antibacterial 
activity. 

The  studies  of  Pratt  and  Spoehr  offer  a  promising  approach  to  the 
understanding  of  at  least  some  of  the  phenomena  in  photosynthesis  usually 
attributed  to  not  further  identifiable  “plasmatic”  or  “internal”  factors. 
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Chapter  27 


CONCENTRATION  FACTORS 


In  this  chapter,  we  will  describe  how  the  rate  of  photosynthesis  and  the 
yield  of  chlorophyll  fluorescence  depend  on  the  concentration  of  the  react¬ 
ants.  In  the  ordinary  photosynthesis  of  green  plants,  the  only  reactant 
the  amount  of  which  can  be  varied  freely  is  the  oxidant,  carbon  dioxide. 
True,  the  activity  of  the  reductant,  water,  also  can  be  changed  within  certain 
limits  (cf.  Vol.  I,  chapter  13,  page  333);  but  the  effect  of  such  variations 
is  in  the  main  an  indirect  one;  Changes  in  hydration  affect  the  colloidal 
state  of  the  protoplasm,  which  in  turn  influences  all  the  activities  of  the 
living  cell.  In  bacterial  photosynthesis  (“photoreduction,”  cf.  chapter  5, 
Vol.  I),  where  hydrogen,  hydrogen  sulfide ,  thiosulfate  or  another  inorganic  oi 
organic  reductant  takes  the  place  of  water,  its  concentration  can  be  varied 
as  easily  as  that  of  the  oxidant,  carbon  dioxide.  Thus,  bacteria  (and 
“hydrogen  adapted”  algae,  cf.  chapter  6)  open  a  new  approach  to  the  ki¬ 
netic  study  of  photosynthesis.  Finally,  the  “Hill  reaction”  (chapter  6,  page 
63,  and  also  chapter  35,  in  whole  cells  or  in  isolated  chloroplast  material, 
permits  one  to  measure  the  influence  of  concentration  of  substitute  oxidants 
(Fe+++  quinone,  chromate,  etc.)  on  the  rate  of  liberation  of  oxygen. 

We  will  also  describe  in  this  chapter  the  effect  on  photosynthesis  and 
fluorescence  of  varying  amounts  of  additions  such  as  catalyst  poisons, 
narcotics  and  inorganic  ions.  This  section  (part  D)  forms  a  quantitative 
elaboration  (and  contains,  inevitably,  some  repetition)  of  the  qualitative 
information  presented  in  chapters  12  and  13  in  Volume  I. 

A.  Experimental  Carbon  Dioxide  Curves* 

1.  Carbon  Dioxide  Molecules  and  Carbonic  Acid  Ions 

In  the  “carbon  dioxide  curves,”  which  will  be  discussed  in  this  chapter 
the  rate  of  photosynthesis  is  plotted  as  a  function  of  the  concentratio 

*  Bibliography,  page  960. 
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were  carried  out  with  land  plants,  in  an  atmosphere  containing  gaseous 
carbon  dioxide,  or  with  aquatic  plants,  in  either  acid  or  alkaline  solutions, 
despite  the  fact  that  in  the  last-named  case  carbonic  acid  was  present 
mainly  in  the  form  of  carbonate  and  bicarbonate  ions.  1  his  presentation 
is  chosen  because  the  neutral  molecular  species  C02  easily  enters  and  leaves 
the  cell,  while  ions  appear  to  encounter  a  much  greater  difficulty  in  diffusing 
through  the  cell  membrane.  Consequently,  the  intracellular  concentra¬ 
tions  of  all  molecular  species  of  carbonic  acid,  including  the  ions  HC03_ 
and  C032-,  probably  are  determined  mainly  by  the  extracellular  concentra¬ 
tion  of  the  species  C02  and  largely  independent  of  the  concentration  of  the 
carbonate  ions  (and  thus  also  of  the  pH  of  the  medium,  since  at  a  given 
value  of  [C02],  variations  of  [HC03~]  and  [C032~]  are  uniquely  correlated 
with  changes  in  the  pH). 

This  simplification  is  convenient,  but  is  likely  to  prove  an  oversimplifi¬ 
cation.  In  chapter  8  (Vol.  I,  page  195),  we  described  the  controversy  be¬ 
tween  Natansolm  (1907,  1910),  Wilmott  (1921),  Romell  (1927)  and  James 
(1928),  on  the  one  hand,  and  Angelstein  (1911)  and  Arens  (1930,  1933, 
1936),  on  the  other.  Natansohn  believed  that  only  the  concentration  of 
neutral  carbon  dioxide  molecules  in  the  medium  is  of  importance  for  the 
photosynthesis  of  aquatic  plants ;  the  occasionally  observed  rate-enhancing 
effect  of  bicarbonate  ions  (quoted  by  Angelstein  as  proof  of  their  availabil¬ 
ity  for  photosynthesis)  was  interpreted  by  Wilmott  and  Romell  as  a  buf¬ 
fering  effect.  (The  dissociation  of  HC03“  ions  into  OH  ~  and  C02  provides 
ample  replacement  for  the  carbon  dioxide  molecules  used  up  by  photosyn¬ 
thesis.)  James  found,  in  fact,  that,  if  care  is  taken  to  avoid  exhaustion  of 
carbon  dioxide  by  strong  circulation,  the  influence  of  bicarbonate  ions  on 
the  rate  of  photosynthesis  tends  to  disappear.  In  many  plants,  excess 
carbonates  may  even  produce  an  inhibition  attributable  either  to  alkaline 
reaction  ( cf .  Vol.  I,  page  339)  or  to  the  damaging  effect  of  the  cations  (as 
indicated  by  the  different  influences  of  the  bicarbonates  of  sodium  and 
potassium;  cf.  Vol.  I,  page  340,  and  p.  835).  Experimental  support  of 
Natansohn’s  concept  was  provided  by  the  experiments  of  Osterhout  and 
Dorcas  (1926),  in  which  the  rate  of  penetration  of  carbonic,  acid  into  the 
interior  of  giant  Valonia  cells  was  proved  to  be  proportional  to  the  external 
concentration  of  the  carbon  dioxide  molecules  and  independent  of  the 
concentration  of  the  anions  of  carbonic  acid. 

However,  Arens  (1930,  1933,  1936)  observed  that,  in  light,  HC03~  ions 
were  taken  up  by  the  lower  surface  of  leaves  of  aquatic  plants  (such  as  Elo- 

dea),  while  C032  or  OH  ~  ions  were  set  free  at  the  upper  surface.  He  inter¬ 
preted  this  observation  as  proof  that  HC03~  ions  actually  penetrate  into 

thfequaUon  US6d  ^  photosynthesis’  either  completely,  according  to 
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HC03- 


->  C02  +  OH- 


or  partially,  according  to  the  equation : 

2  HCOj- - >  C032-  +  H20  +  C02 

In  Volume  I  (page  157),  we  said  that  Arens’  results  are  in  need  of  ex¬ 
perimental  verification,  and  that,  if  they  prove  to  be  correct,  they  may  be 
explained  (a)  by  the  diffusion  of  ions  through  the  leaf  without  penetration 
into  the  interior  of  cells,  and  (6)  by  cell  wall  penetration  by  neutral  salt 
molecules,  such  as  KHC03.  In  connection  with  the  latter  possibility,  it 
would  be  important  to  obtain  quantitative  information  on  the  rate  of  pene¬ 
tration  of  bicarbonate  as  compared  to  that  of  free  carbon  dioxide;  conceiv¬ 
ably,  the  observations  of  Arens  could  be  explained  even  if  the  first  rate  is 
only  one  hundredth  or  one  thousandth  of  the  second  one,  and  thus  negligible 
from  the  point  of  view  of  the  kinetics  of  photosynthesis. 

By  considering  the  penetration  problem  as  a  quantitative  rather  than 
qualitative  one,  we  can  anticipate  that  the  influence  of  the  external  con¬ 
centrations  [HCO3-]  and  [CCV-l  on  the  carbonic  acid  system  inside  the 
cell  will  depend  on  whether  we  deal  with  an  approximate  equilibrium  (i.  e., 
work  in  the  dark,  or  in  low  light),  or  with  a  photostationary  state  in  which 
carbonic  acid  is  rapidly  consumed  by  photosynthesis.  In  the  first  case, 
even  a  very  slow  penetration  of  salt  molecules  may  result  in  considerable 
changes  in  the  composition  of  the  cell  fluids,  while,  in  the  second  case,  the 
effect  of  such  slow  penetration  may  be  completely  negligible  in  comparison 
with  that  of  the  much  more  rapid  flow  of  C02  molecules. 

More  recently,  Steemann-Nielsen  (1946)  revived  Angelstein’s  (1911) 
argument.  He  studied  the  rate  of  photosynthesis  as  a  function  of  the  con¬ 
centration  [C02]  in  the  medium,  using  the  two  aquatic  plants  Myriophyl- 
lum  spicatum  and  Fontinalis  anlipyretica.  In  Fontmahs,  the  rates  of  oxygen 
liberation  found  in  alkaline  solutions  (pH  8.3,  containing  from  0.5  X  10 
to  5  X  10"3  mole  HC03-  per  liter,  together  with  from  0.5  X  10  5  to  5  X 
10"6  mole  C02  per  liter)  were  hardly  different  from  those  observed  in  acid 
solutions  with  the  same  amount  of  C02,  but  practically  no >  HC  3  10ns. 

A  significantly  different  result  was  obtained  with  Myriophyllum :  In  t  is 
plant,  the  yield  of  photosynthesis  in  alkaline  bicarbonate  so  ut.ons^was 
ten  times  higher  than  in  acid  solutions  with  the  same  content  of  C02  mole- 
c“es-  In  some  alkaline  solutions  the  rate  of  oxygen  liberation  by  Myno- 

vhvllum  was  as  much  as  one  third  of  the  rate  found  in  acid  solutions  with 
pnyuum  ^  /rpn  1  4-  1HC0,“1).  This  was  interpreted 

the  same  total  concentration  (IOO2J  -r  l  .  ,  77  FTf'O  -  ions 

bv  Steemann-Nielsen  as  indication  that  Myriophyllum  uses  HCO,  » 
STSh  about  one  third  the  efficiency  with  which  it  uses  neutral  CO; 
molecules  The  difference  between  the  two  species,  Fontinalis  and  1  / 

was  tentatively  related  by  Steemann-Nielsen  to  the  fact  that 
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Myriophyllum  grew  in  a  locality  where  the  pH  in  summer  was  as  high  as 
9-10  (corresponding  to  a  ratio  of  100  HC03-  to  1  CO,),  while  Fontmahs 
was  gathered  in  a  locality  where  the  water  contained  very  little  bicarbonate, 
but  as  much  as  30  X  10  ~B  mole  per  liter  of  free  C02  molecules  (a  remarkably 
high  figure,  if  one  recalls  that  water  equilibrated  with  the  free  atmosphere 

contains  only  about  1  X  10  ~6  mole  per  liter  C02). 

The  behavior  of  the  two  species  is  illustrated  by  figures  27.1  A  and  B. 
One  can  either  accept  these  figures  as  evidence  of  direct  participation  of 


lig.  27.1.  (A)  Photosynthesis  in  Fontinalis  antipyretica,  at  15,000  lux,  22°  C.,  as 
I  unction  of  total  carbonate  concentration;  (B)  Photosynthesis  in  Myriophyllum  spicatum, 
at  37,000  lux,  20°  C.,  as  function  of  total  carbonate  concentration  (after  Steemann- 
Nielsen  1946). 

IICO3  ions  in  the  photosynthesis  of  Myriophyllum  (or,  more  exactly,  of 
comparatively  easy  penetration  of  HCO3-  ions  into  the  cells  of  this  plant), 
01  one  must  assume  that,  for  some  reason  yet  unknown,  the  buffering  action 

of  bicarbonate  was  much  more  effective  with  Myriophyllum  than  with 
Fontinalis. 


It  will  be  noted  that  the  “free  carbon  dioxide”  curves  are  practically  identical  for 
both  species;  ,11  other  words,  if  we  attribute  the  shapes  of  these  curves  to  carbon  dioxide 
depletion,  we  must  assume  that  the  latter  has  been  equally  strong  in  both  experiments. 
„  'nUSt  aS8ume  that  Edition  of  about  100  IICO3-  to  1  CO,  has  had  very  little 
U^rrf  F,°'Uimti *•  but  hod  reduced  it  by  about  one  third  in 
z  Wh?Uler  tUlS  e^P'rerea'iot,  is  plausible  is  difficult  to  say  without 

I.  knowledge  ,1  vanous  relevant  factors,  such  as  the  absolute  rate  of  photosynthesis 

the  effide^cy  of  sthring^  ('“h>  »f  »  «*-!  </•  P*  905,  and 

in inude^n^ffi^ifferencebe^eer^the mtesffisodium carbo  T “T °f 

unfavoiablc  effect  of  sodmm  b, carbonate  was  given  in  chapter  25.  Steen, ann-Nieten 
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(1946)  enlarged  these  observations  by  determining  the  carbon  dioxide  curves  of  photo¬ 
synthesis  in  solutions  containing  different  cations.  He  found  that,  with  Myriophyllum 
spicatum,  in  acid  solution,  the  presence  of  sodium  or  calcium  (in  the  form  of  chlorides) 
had  no  effect  on  the  rate  of  photosynthesis.  In  alkaline  solutions,  on  the  other  hand, 
the  rate  was  lowest  in  sodium  bicarbonate,  higher  in  potassium  bicarbonates  and  still 
higher  in  calcium  bicarbonate.  The  highest  rate  could  be  obtained  in  a  solution  con¬ 
taining  K+,  Na+,  Ca2+,  Cl~,  and  SO.*2-  ions  in  the  same  proportion  as  the  water  of  the 
lake  that  was  the  natural  habitat  of  the  plants.  In  lake  water,  the  rate  was  independent 
of  pH  between  8.5  and  10.5,  while  in  potassium  carbonate-bicarbonate  buffer  (10  ~3 
mole  HC03~  per  liter)  the  rate  increased  slowly  between  pH  8.4  and  10.5  and  dropped 
sharply  to  zero  at  pH  1 1 . 

These  results  can  be  interpreted  in  terms  of  Steemann-Nielsen’s  concept  of  direct 
participation  of  bicarbonate  ions  in  photosynthesis  (for  example,  by  assuming  different 
rates  of  penetration  of  different  neutral  molecules,  MeHCCh,  through  the  cell  membrane; 
cf.  Vol.  I,  page  197),  but  they  may  also  be  of  a  more  indirect  and  complex  origin.  Ac¬ 
cording  to  Pratt  (cf.  fig.  25.1)  the  cation  effects  arc  largely  irreversible,  a  complication 


not  considered  by  Steemann-Nielsen. 

Tseng  and  Sweeney  (1946)  studied  the  red  alga  Gelidinium  cartilagineum  and  found 
that  the  rate  of  its  photosynthesis  was  determined  exclusively  by  the  concentration  of 
free  carbon  dioxide  molecules,  [CO2],  and  not  affected  by  the  simultaneous  presence  of 

a  large  number  of  bicarbonate  ions,  [HCO3-]  >  10  [CO2]. 

Ruttner  (1947)  compared  the  limiting  pH  values  established  in  water  as  the  result 
of  prolonged  photosynthesis  of  different  aquatic  plants.  Elodea  (canadensis  or  densa), 
Photomageton,  Myriophillum  prismatum,  Lemma  trisulia  and  several  other  aquatic 
phanerogams  continued  to  reduce  carbon  dioxide  until  the  pH  rose  considerably  beyond 
pH  9-  while  several  mosses  (such  as  Fontinalis  antipyretica )  ceased  to  assimilate  carbon 
dioxide  when  pH  reached  9.0.  At  the  latter  pH,  [C02]  =  0.4  X  10“5  mole/1.;  this  is 
the  region  in  which  the  “carbon  dioxide  compensation  point”  was  found  previously 
with  land  plants  (cf.  page  899).  Ruttner  suggested  that  the  capacity  of  aquatic Jugher 
plants  to  carry  out  net  positive  photosynthesis  at  [C02]  equilibrium  values  <  1  X 
mole/1.,  if  bicarbonate  is  present,  indicates  their  capacity  to  utilize  bicarbonate  10ns  1- 
redly,  and  not  merely  as  source  of  C02  molecules  in  the  medium.  In  a  second  paper, 
Ruttner  (1948)  gave  evidence  supporting  the  assumption  that  the  Ration f photo¬ 
synthesis  of  Fontinalis  at  pH  9  is  the  result  of  low  CO,  concentration  (0.4  X  10  mo  c/1 
corresponding  to  about  0.01  vol.%),  and  not  of  excess  alkalinity.  Earlier  observe  ion 
of  Shutov  (1926).  Bode  (1926)  and  Dahm  (1926),  who  found  that  many  aquatic  plants 
can  raise  the  pH  of  the  medium  to  values  as  high  as  11.8  (Spmgyra),  can  then  b 
terpreted  as  meaning  that  these  plants,  too,  can  use  bicarbonate  ions  directly  as  source 
If  ernbon  tor  photosynthesis  (or,  more  exactly,  as  a  vehicle  to  transport  carbon  dioxide 

from  the  medium  into  the  eejW-^  than  Steeman-Nielsen  and  Ruttner,  and 

5.5  (in  a  solution  aerated  wdh  ordmary  air)^  to  Osterlind,  this  increase  is 

pH  6.5,  and  increased  it  slowly  up  to  pH  9.  A  J  of  bicarbonate  ions.  He 
not  an  effect  of  alkalinity,  but  a  consequenc  nn  famine  5%  C02  good  growth 

based  this  conclusion  on  the 

could  be  obtained  even  at  pi  3  .  mole/1.,  the  rate  was 

[HCOrl  exceeded  9  X  Al  «  en  2  i ind  8  X  10  “  n0 

proportional  to  [HCOrl.  Osterlind  thought  that,  with  the  P  P 
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carbon  dioxide  exhaustion  could  occur  even  in  the  solutions  which  contained  no  bicar¬ 
bonate  ions.  He  also  noted  that,  with  10  X  10 "6  mole/1,  of  HC03  present  growth  was 
*  much  as  twenty-five  times  faster  than  with  10  X  10-  mole/1,  of  carbon  tbox.de;  and 
concluded  that  Scenedesmus  quadricavda  uses  bicarbonate  ions  (for  growth,  and  thus 
presumably  also  for  photosynthesis)  twenty-five  times  more  efficiently  than  free  carbon 
dioxide  molecules.  Later  (19501-2)  Osterlind  found  that  Chlordla  pyrenoidosa  does  not 
use  bicarbonates;  since  he  found  no  difference  in  the  carbonic  anhydrase  content  of 
the  two  species,  he  suggested  that  their  cell  membranes  are  different. 


Pending  further  analysis  concerning  the  role  of  carbonate  ions  (a  ques¬ 
tion  which  the  above-described  experiments  have  reopened),  we  will  pro¬ 
ceed  on  the  old  assumption  that  the  rate  of  photosynthesis  is  primarily  a 
function  of  the  concentration  of  the  molecular  species  C02  in  the  immediate 
surroundings  of  the  cells,  and  that  the  main  effect  ol  the  presence  of  HCO3 
ions  is  to  prevent  this  concentration  from  depletion  during  photosynthesis. 

Figures  collected  in  Table  27.1,  apart  from  those  given  for  Myriophyl- 
lum  by  Steemann-Nielsen,  give  no  indication  of  a  large,  direct  contribution 
of  carbonate  ions  to  photosynthesis.  We  note,  for  example,  that  Emerson 
and  Green  (1938)  were  able  to  achieve  carbon  dioxide  saturation  of  photo¬ 
synthesis  in  an  acid  phosphate  buffer  when  the  medium  contained  only 
0.7  X  10 ~5  mole/1.  C02.  In  experiments  with  carbonate  buffers,  in  which 
each  carbon  dioxide  molecule  was  accompanied  by  1000  bicarbonate  ions 
(and  as  many  or  more  carbonate  ions),  saturation  usually  was  observed 
either  at  approximately  the  same  or  at  an  even  higher  value  of  [C02]. 


2.  General  Review  of  Carbon  Dioxide  Curves 

The  necessity  of  carbon  dioxide  (“fixed  air”)  for  photosynthesis  was 
discovered  by  Senebier  in  1782  (c/.  Vol.  I,  chapter  2).  The  earliest  quanti¬ 
tative  studies  of  the  relation  of  the  rate  of  photosynthesis  to  the  concentra¬ 
tion  of  carbon  dioxide  were  made  by  Kreusler  in  1885  and  1887,  Brown  and 
Escombe  in  1902  and  Treboux,  and  Pantanelli,  both  in  1903.  Since  these 
observations  showed  an  increase  of  the  rate  with  increasing  [C02]  in  the 
legion  of  low  concentrations,  and  a  decline  at  high  concentrations,  they  were 
interpreted  on  the  basis  of  the  then  popular  “optimum  theory”  (fig.  26.1) 
until  Blackman  and  Smith  suggested  in  1911,  that  they  can  better  be  ex- 
plained  by  the  concept  of  “limiting  factors.”  Blackman  pointed  out  that 
no  evidence  existed  of  a  “minimum”  [C02]  required  for  the  beginning  of 
photosynthesis,  or  of  a  sharp  “optimum”;  instead  of  the  latter,  experi¬ 
ments  showed  a  wide  range  of  [COi]  values  over  which  the  rate  remained 
approximately  constant.  As  described  in  chapter  26,  Blackman  claimed 
t  hat  correctly  determined  carbon  dioxide  curves  must  be  broken  lines  of  the 

out  with?"  m  figur<‘  126'2;  and  man-V  investigations  have  been  carried 
out  with  the  expressed  purpose  of  “proving”  or  “disproving”  this  “law  ” 
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It  hardly  needs  repeating  that  the  problem  must  be  treated,  not  from  the 
point  of  view  of  an  apodictic  “law,”  but  on  the  basis  of  the  general  princi¬ 


ples  of  reaction  kinetics,  and  that  these  principles  admit  of  “limiting  fac¬ 
tors”  only  as  approximations,  useful  under  certain  extreme  conditions. 

Table  27.1  gives  a  summary  of  the  most  important  experimental  de¬ 
terminations  of  the  carbon  dioxide  curves  of  photosynthesis,  since  the  time 
of  Blackman  and  Smith.  As  a  general  rule,  these  curves  rise  rapidly  at 
first,  then  more  slowly  and  finally  go  over  into  “saturation  plateaus.” 
At  excessively  high  [CO2]  values,  the  rate  may  decline  again.  Table  27.1 
gives,  in  the  last  two  columns,  the  concentrations  found  necessary  to  pro¬ 
duce  full  carbon  dioxide  saturation  and  half  saturation,  respectively. 
(When  the  approach  to  saturation  is  gradual,  the  second  figure  can  often 


be  given  with  more  precision  than  the  first  one.) 

We  note  that  the  observed  saturating  concentrations  vary  all  the  way 
from  0.5  X  10 ~5,  to  400  X  10  ~5  mole/1.  C02.  It  will  be  shown  in  section  5 
that  the  higher  values  are  beyond  doubt  due  to  depletion  of  carbon  dioxide 
in  the  medium  surrounding  the  plants,  and  consequent  establishment  of 
large  external  concentration  gradients.  They  can  be  strongly  reduced  by 
accelerated  circulation  or  buffering.  The  lower  values,  on  the  other  hand, 
may  be  determined  either  by  diffusion  resistance  which  is  not  affected  by 
buffering  or  stirring  (e.  g.,  that  of  the  stomata,  air  channels,  of  adsorption 
layers,  cell  walls  and  cytoplasm),  or  by  intrinsic  kinetic  characteristics  o 
photosynthesis  (such  as  the  carboxylation  equilibrium  and  the  rate  o  cai- 

b°Tnatthe)general  discussion  of  the  kinetic  curves  of  photosynthesis  in 
chapter  26  three  types  of  curve  sets,  P  =  f\F  i],  with  ft  as  parameter,  were 
considered  and  designated  as  the  first  (or  “Blackman”)  type  the  second 
(or  “Bose”)  type,  and  the  third  type  (see  figs.  26.2,  26.3  and  26.4  respec 
ivelv)  It  was  stated  that  curves  of  the  first  type  must  arise  when  th 
parameter  ft,  determines  the  maximum  rate  of  a  partial  process  that  does 
no  depend  on  the  independent  variable,  ft,  and  therefore  imposes  a  hon- 
zontat  “ceiling”  on  the  curves  P  -  /(ft),  without  affecting  the  mitral  s  ope 
of  these  curves.  Curves  of  the  third  type  are  found  when  the ;  Para™et« 

fects  only  the  initial  slope  of  the  light  ^J^^^tariab.;, 
the  rate  of  a  process  that  is  a  so ,  propo ,  t  eter  affects  both  the 

ft.  In  curve  systems  of  the  second  tj  pe  !  ide  curves  of  aU  three 
initial  slope  and  the  satura  ion  eve  .  ..onrijti0ns-  theoretical  examples 
types  can  be  expected  I  un  "  aPPr“P"  ,  ,  ’experimentally  deter- 
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fig.  2 1 .2  A.  Carbon  dioxide  curves  of  Fontinalis  antipyretica  at  various  light 
intensities  (in  lux)  (after  Harder  1921).  Abscissa,  [C02]  in  (mole/1.)  X  105. 


te,!stef(frel^;nifrltHTrV^  °f  at  two  light  in. 

nm  i  6  umts)>  and  two  temperatures  (after  van  der  Honort  icyjm 

174).V„  Ume  ""  °“*  «>=—  P„ndsat20”C.  to3.37  X  .0- rnofe/t  (c/ Vol  I  p'.' 
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Fig.  27.2C.  Carbon  dioxide  curve  of  Chlorella  pyre - 
noidosa  (after  Emerson  and  Green  1938).  M/25  phosphate 
buffer;  pH  4.6;  25°  C.;  rate  in  mm.3  02/hr.  per  mm.3  of  cells. 


27. 2A,  27.2B,  27.3  and  27.4.  Figure  27.2B  (taken  from  van  der  Honert’s 
work  on  Hormidium,  1930)  closely  resembles  Blackman’s  prototype:  At 
low  concentrations,  all  curves  merge  into  a  single  straight  line;  close  to 
saturation  they  sharply  turn  horizontal.  Emerson  and  Green  (1938)  gave 
a  single  [C02]  curve  for  Chlorella  in  saturating  light,  which  showed  an  even 
earlier  and  more  sudden  saturation:  It  rose  linearly  up  to  [C02]  =  0.7  X 


Fig  27.3.  Carbon  dioxide  curves  of  whole  TriUaun}^>^^ 
different  light  intensities  (after  Hoover,  Johnston  and  Brackett  1933). 

Parameters  in  kerg/(cm.2  see.). 
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10~5  rnole/1.  and  then  abruptly  became  horizontal  (fig.  27.2C).  In  this 
figure  the  maximum  yield  corresponds  to  one  volume  oxygen  per  volume  of 
cells  each  three  minutes.  The  rate  values  were  obtained  by  admitting  a 
known  amount  of  carbon  dioxide  into  a  Warburg  vessel,  shaking  vigor¬ 
ously  and  measuring  the  pressure  changes  at  short  intervals  until  all  carbon 
dioxide  was  used  up. 


Figures  27.3  and  27.4,  obtained  with  wheat  and  with  the  water  plant 

Ly  too  Scateay’-Sh07  *  m°.re, ®radual  approach  to  saturation  but 

°  a“  CUrV6S  at  l0W  1C0 *1  ™lues,  -hich  is 

27.2A),  on  the  other  hand  "are  ofTprono'unced  ^ 

corresponding  to  different  light  intensities  diverge  fromThe  beginning Zd 


898 


CONCENTRATION  FACTORS 


CHAP.  27 


remain  in  an  approximately  constant  ratio ;  saturation  is  approached  very 
gradually,  and  is  not  quite  reached  at  32  X  10-6  mole/1.,  even  on  the  curve 
that  corresponds  to  an  illumination  of  only  2000  lux.  Harder’s  curves 
indicate  that,  in  his  plants,  the  rate  of  oxygen  liberation  did  not  become 
limited  entirely  by  carbon  dioxide  supply  even  at  the  lowest  used  bicar¬ 
bonate  concentrations,  and  did  not  become  independent  of  [C02]  even  at 
the  highest  used  concentrations.  The  range  studied,  0.03  to  0.3%  KHC03, 
i.  e.,  from  4  X  10~5  to  40  X  1()-5  mole/1.  C02  (cf.  Vol.  I,  page  178),  was, 
however,  a  rather  narrow  one.  The  curves  in  figs.  27 .2-4  clearly  tend  to 
coincide  only  below  1  X  10 ~5  mole/1. 

In  the  theoretical  discussion  later  in  this  chapter,  we  will  see  that  carbon 
dioxide  curves  that  diverge  from  the  origin  can  be  expected  if  the  carbon 
dioxide- acceptor  complex,  AC02,  is  not  fully  saturated  with  caibon  di¬ 
oxide,  at  low  [C02]  values,  even  in  the  equilibrium  state;  while  carbon 
dioxide  curves  that  coincide  at  low  [C02]  values  can  be  piedicted  if  the 
carbon  dioxide  dependence  of  photosynthesis  is  due  entirely  to  the  limita¬ 
tion  of  the  rate  of  processes  by  which  carbon  dioxide  is  made  available  for 
photosynthesis  (such  as  liberation  of  C02  from  HCO-r,  diffusion,  and  car- 

boxylation  of  an  “acceptor”).  _  . 

Table  27.1  shows  that,  with  increasing  light  intensity,  the  halt  satura¬ 
tion  point,”  which  we  will  designate  by  >/2[C02],  generally  shifts  toward 
the  higher  concentrations;  so  that,  in  very  intense  light,  it  may  fall  con- 
siderably  beyond  10  X  10'=  mole/1.  This  fact  can  be  significant,  indi¬ 
cating  certain  kinetic  conditions  (as  will  be  shown  later  in  this  chapter 
see  n.  934  ff);  often,  however,  it  merely  means  increasing  depletion  ot 
carbon  dioxide  in  the  neighborhood  of  the  cells  when  photosynthesis  pro¬ 
ceeds  at  a  faster  rate. 


3.  Carbon  Dioxide  Compensation  Point 

For  each  light  intensity,  there  must  exist  a  carbon  ^™de  co„centration 
at  which  photosynthesis  just  compensates  respiration  and  the  net  gas  ex 
n  Zl i  zero  and  below  which  respiration  exceeds  photosynthesis.  This 

tematic  way  as  was  the  “light  compensation  point  (c/  Table 

Miller  and' Burr  (1935)  first/e!.°^  .“/"/Closed  in  vessels  filled 
experiments,  a  large  variety  o  po  e  ,  ;]|uminated  with  white 

With  gas  anXrvable  gas  exchange  stopped,  l 

— »« d7ins" -1. ' SI Si !• »  f 
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temperatures,  this  gas  composition  remained  unchanged  for  several  hours; 
at  35-37°  C.,  after  a  short  period  of  constancy,  the  carbon  dioxide  pressure 
began  to  increase  again— probably  because  photosynthesis  suffered  slow 
thermal  inhibition  (c/.  chapter  31),  while  respiration  remained  constant. 

Thomas,  Hendricks  and  Hill  (1944)  found  that  in  beet  plants,  at  15  C., 
photosynthesis  compensated  respiration  at  [C02]  —  0.003%  about  one 
third  of  the  value  found  by  Miller  and  Burr.  Gabrielsen  (1949)  found  a 
value  of  0.009  vol.%  for  the  C02  compensation  point  of  Sambucus  leaves 


at  10  klux. 

In  submerged  plants,  one  has  to  distinguish  between  the  compensation 
point  at  constant  pH  and  the  steady  state  reached  after  prolonged  photo¬ 
synthesis  with  limited  carbon  dioxide  supply:  In  the  latter  case,  both 
[C02]  and  pH  change  with  time  (OH-  ions  being  left  behind  when  C02  is 
withdrawn  from  HC03“),  and  the  final  steady  state  may  be  determined  by 
either  one  or  both  of  these  factors.  We  have  referred  above  to  the  experi¬ 
ments  of  Dahm  (1926),  Shutov  (1926)  and  Ruttner  (1947,  1948),  which 
were  interpreted  by  Ruttner  (1948)  and  Osterlind  (1948,  1949)  as  indicating 
that  some  aquatic  phanerogams  and  algae  can  use  bicarbonate  ions  so 
efficiently  that  the  presence  of  a  minimum  concentration  of  free  C02 
molecules  is  not  needed  to  maintain  their  photosynthesis;  these  plants 
are  able  to  continue  -net  synthesis  even  after  [C02]  has  been  reduced  to 
10~6  mole/1,  or  less,  and  pH  had  risen  above  10  or  11.  (The  pH  of  the 
sap  inside  the  cells  remains  approximately  neutral.)  Aquatic  mosses,  such 
as  Fontinalis,  on  the  other  hand,  cease  to  liberate  02  when  [C02]  is 
reduced  to  some  such  value  as  0.4  X  10~6  mole/1.  (Ruttner  1948).  This 
corresponds  to  0.01  vol.  %  C02  in  the  atmosphere,  and  indicates  a  compen¬ 
sation  point  similar  to  that  found  with  land  plants.  In  the  steady  state 
reached  by  photosynthesis  of  aquatic  plants  of  this  type,  the  reaction  of 
the  medium  is  below,  or  about  equal  to  pH  9. 


A  rather  striking  observation  of  Miller  and  Burr  was  that  the  carbon 
dioxide  compensation  point  did  not  depend  on  temperature.  This  contrasts 
with  the  strong  dependence  on  temperature  of  the  light  compensation  point 
(c/.  page  984).  The  reason  for  this  difference  is  that  temperature  has  a 
strong  influence  on  respiration,  as  well  as  on  photosynthesis  in  strong  light, 
but  only  a  weak  effect  (or  none  at  all)  on  photosynthesis  in  light  of  low 
intensity  (c/.  chapters  29  and  31).  In  the  measurement  of  the  “light  com¬ 
pensation  point,”  photosynthesis  is  in  the  “light-limited”  and  therefore 
temperature-independent  state;  while  in  the  measurement  of  the  carbon 
<  loxicle  compensation  point,  it  is  in  the  “carbon  dioxide  limited”  state  and 
therefore  depends  on  temperature.  However,  the  exact  coincidence  of 
temperature  coefficients  of  respiration  and  photosynthesis,  implied  in 
the  results  of  Miller  and  Burr,  is  unlikely  to  be  more  than  an  accident. 
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We  assume  that  the  carbon  dioxide  curves  of  photosynthesis,  if  properly 
corrected  for  respiration,  continue  smoothly  below  the  compensation  point 
and  reach  zero,  when  the  carbon  dioxide  concentration  is  zero.  However, 
their  exact  determination  in  the  region  of  very  low  carbon  dioxide  concen¬ 
trations  is  difficult  because  of  the  production  of  carbon  dioxide  by  respira¬ 
tion.  It  is  difficult  to  remove  this  carbon  dioxide  completely  {e.  g.,  by 
an  alkaline  absorber),  before  some  of  it  is  utilized  for  photosynthesis,  since 
this  may  occur  even  before  the  carbon  dioxide  has  left  the  interior  of  the 
cells  (c/.  Yol.  I,  chapter  19,  page  529).  Some  intermediates  of  respiration, 
such  as  certain  carboxylic  acids,  may  perhaps  be  utilized  for  photosyn¬ 
thesis  without  conversion  to  free  carbon  dioxide.  One  would  then  obtain 


small  positive  values  of  “true”  photosynthesis  (».  e.,  of  the  difference  be¬ 
tween  the  gas  exchange  in  light  and  in  the  dark),  even  when  the  concen¬ 
tration  of  carbon  dioxide  is  zero,  not  only  in  the  medium,  but  also  inside 
the  cell. 

Experimental  investigation  of  the  relation  between  photosynthesis  and 
respiration  at  low  [C02]  values  is  further  complicated  by  the  observation 
that,  if  carbon  dioxide  is  removed  very  effectively,  photoxidation  is  apt  to 
occur  upon  exposure  to  light,  and  oxygen  consumption  becomes  larger  m 
light  than  in  the  dark  (instead  of  being  decreased  in  consequence  ol  re¬ 
assimilation  of  respiration  products). 

One  is  thus  caught  on  the  horns  of  a  dilemma:  (a)  either  the  respira¬ 
tory  carbon  dioxide  is  not  removed  effectively  enough— in  which  case  il¬ 
lumination  produces  an  apparent  reduction  in  the  volume  of  respiration, 
and  it  appears  as  if  photosynthesis  can  proceed  at  a  positive  rate  even  at 
1C02]  =  0  (fig  28.5  gives  an  extreme  example  of  this  kind);  (o)  or  the 
removal  of  carbon  dioxide  is  fully  effective-then,  photoxidation  sets  in, 
and  the  rate  of  photosynthesis  appears  to  become  negative  at  ICO,  1  -  u. 

In  chapter  19  (page  528)  it  was  noted  that  Noack  lffi,  1926  had  ob¬ 
served  mainly  the  first  phenomenon  (i.  e.,  an  apparent  fight  inhibition  o 
respiration”  in  a  CO,  free  atmosphere);  whereas  van  der  Paauw  (1932 
had  discovered,  and  Franck  and  French  (1941)  further  explored,  the  second 

effect _ the  photoxidation  in  carbon  dioxide  starved  leaves. 

'^'GTbilelsen1 0949)* noted^ That  ta.the'comparatively  thick  sun  leaves  of 

tory  carbon  dioxide  wete  H;assi,ni|ation  could  be  reduced  by 

IXin”m^ature  (, “to  6*  C.),  and  by  increasing  flow 

o  the  gas,  c.  g.,  to  33  ce./m.«  min.  Gabnelsen  concluded  from  these 
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serrations  that  there  is  no  evidence  of  photochemical  reduction  of  precur¬ 
sors  of  free  carbon  dioxide  formed  in  respiration  (since  the  latter  would 
manifest  itself  in  a  general  reduction  of  oxygen  consumption  in  light). 

Warburg,  Burk  and  co-workers  (1949)  reached  the  same  conclusion  in 
experiments  with  strongly  stirred,  dense  Chlorella  pyrenoidosa  suspensions. 
With  alkali  present  in  the  side  arm  of  the  reaction  vessel,  illumination  with 
weak  red  light  (below  compensation)  had  practically  no  effect  on  the  con¬ 
sumption  of  oxygen.  This  showed  that  all  the  carbon  dioxide  produced  by 
respiration  was  conveyed  to  the  alkali  and  absorbed  there  (and  none  re- 
assimilated  in  light),  and  that  no  intermediate  products  of  respiration  were 
used  up  as  substitute  oxidants  in  the  photosynthetic  process  in  the  absence 


of  the  normal  oxidant,  external  carbon  dioxide. 

We  will  have  to  return  to  these  observations  in  chapter  29,  because  of 
t  heir  significance  for  the  calculation  of  the  quantum  yield  of  photosynthesis 
in  weak  light.  We  will  note  there  that  the  results  of  Warburg  et  al.  may 
have  been  associated  with  the  intermittency  of  illumination,  caused  in  their 
experiments  by  the  rapid  stirring  of  dense  cell  suspensions.  Most  of  the 
respiratory  carbon  dioxide  was  produced  while  the  cells  were  in  the  shade  and 
could  escape  into  the  medium  before  entering  the  small  illuminated  zone. 


Supporting  Kostychev’s  concept  of  indirect,  physiological  regulation  of  photosynthe¬ 
sis  (c/.  chapter  25),  Chesnokov  and  Bazyrina  (1032)  concluded,  from  experiments  on 
higher  plants,  that  the  rate  of  photosynthesis  is  not  a  smooth  function  of  the  external 
carbon  dioxide  concentration  at  all.  They  asserted  that  photosynthesis  drops  to  zero 
when  the  external  carbon  dioxide  concentration  declines  below  0.2  X  10  ~s  M,  while  above 
1  X  10  “5  M  the  rate  is  not  affected  by  changes  in  [Ct)2].  They  considered  this  be¬ 
havior  a  proof  of  the  admirable  adaptation  of  plants  to  natural  conditions — a  “trigger 
action,”  which  puts  the  photosynthetic  mechanism  to  work  when  conditions  are  “nor¬ 
mal”  and  stops  it  completely  when  the  conditions  become  unfavorable.  A  direct  in¬ 
fluence  of  external  carbon  dioxide  concentration  on  the  reaction  rate,  subordinated  to 
the  law  of  mass  action,  could  not,  they  argued,  produce  such  an  “all  or  nothing”  response. 
However,  the  alleged  discontinuity  of  the  carbon  dioxide  curve,  and  the  consequent 
assumption  of  the  existence  of  a  “carbon  dioxide  threshold”  of  photosynthesis,  is  not 
confirmed  by  kinetic  investigations  under  well-controlled  laboratory  conditions  ( e .  g., 
by  the  measurements  presented  in  figs.  27.2A-27.4). 


4.  Carbon  Dioxide  Fertilization  and  Inhibition 

Practically  all  carbon  dioxide  curves  show  that  neither  the  normal  car¬ 
bon  dioxide  concentration  of  the  air  (0.03%,  or  approximately  1  X  10~5 
i  ' )  nor  the  content  of  this  gas  in  water  equilibrated  with  the  free  atmos¬ 
phere  is  sufficient  for  complete  saturation  of  photosynthesis  in  moderate 
or  strong  light— at  least,  without  exceedingly  strong  stirring.  The  curves 

'£?****?*  be  P0SSible  t0  imProve<  P«**ps  by  as  much  as  50- 
100%,  the  yield  of  photosynthesis  under  natural  conditions,  by  means  of 

ear  on  dioxide  fertilization,”  and  one  may  expect  that  this  will  lead  to  a 
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proportionate  increase  in  crop.  Experiments  tend  to  confirm  this  con¬ 
clusion. 


Among  the  earliest  attempts  at  carbon  dioxide  fertilization  were  those  of  Demoussy 
(1904);  the  first  practical  successes  were  achieved  by  Klein  and  Reinau  (1914).  Among 
the  more  recent  investigations,  those  of  Lundegardh  (1924),  Rippel  (1926),  White 
(1930),  Harder,  Keppler  and  Reuss  (1931),  Johnston  (1935),  Richter  (1938)  and  Katun- 
sky  (1939)  may  be  quoted.  In  numerous  experiments,  carbon  dioxide-fertilized  cultures 
produced  crops  50-100%  larger  than  control  cultures  grown  in  rooms  with  the  normal 
concentration  of  this  gas.  Carbon  dioxide  fertilization  has  found  some  practical  applica¬ 
tion  (c/.,  for  example,  Reinau  1927)  in  the  suburban  greenhouse  cultivation  of  fruits  and 
vegetables,  since  greenhouses  can  be  “fertilized’'  comparatively  easily  and  inexpensively 
by  compressed  carbon  dioxide  from  cylinders.  The  possibility  of  a  similar  fertilization 
on  a  large  scale  in  open  fields  depends  on  the  availability  of  cheap  combustion  gases 
rich  in  carbon  dioxide,  but  free  of  sulfur  dioxide  and  other  plant-damaging  components 
(c/.  Katunsky  1939). 

Thomas  and  Hill  (1949)  made  improved  measurements  of  the  rate  of  photosynthe¬ 
sis  of  tomatoes,  sugar  beet  and  alfalfa  under  field  conditions,  and  found  continuous  in¬ 
crease  in  rate  even  at  0.3  or  0.4%  C02 — except  in  the  case  of  a  sulfur-deficient  beet 
culture,  which  apparently  was  unable  to  use  an  increased  carbon  dioxide  supply.  The 
maximum  fertilization  effects  observed  in  these  experiments  were  rate  increases  by  a 


factor  of  about  three. 

Possibility  of  fertilization  by  bicarbonates  plays  an  important  role  in  speculations 
on  large-scale  culturing  of  unicellular  algae  as  source  of  fuel  or  food,  for  man,  animals,  or 
protein  and  fat-producing  microorganisms,  such  as  yeast. 

It  was  mentioned  above  (see  page  901)  that  Chesnokov  and  Bazyrina  (1932) 
denied  that  external  carbon  dioxide  concentration  has  a  direct  effect  on  the  rate  of  photo¬ 
synthesis  at  all.  Bazyrina  and  Chesnokov  (1930)  sought  a  different  explanation  of  the 
phenomenon  of  C02  fertilization,  and  thought  they  found  it  in  the  stimulating  action  of 
carbon  dioxide  on  plant  growth.  They  denied  that  field  crops  are  primarily  determined 
by  the  intensity  of  photosynthesis,  and  pointed  out  that  accelerated  photosynthesis 
sometimes  causes  an  unbalanced  or  premature  development  and  thus  diminishes  rather 
than  increases  the  crop.  Granted  that  the  size  of  the  crop  depends  on  many  factors  it 
is  certain  that  photosynthesis  is  one  of  them,  if  not  the  mam  one;  and  it  is  hardly 
a  coincidence  that  not  only  the  possibility  of  crop  increase  by  carbon  dioxide  fertiliza¬ 
tion,  but  also  its  approximate  maximum  extent  (50-100%)  can  be  anticipated  from  the 
shape  of  the  carbon  dioxide  curves  obtained  under  controlled  laboratory  conditions. 

The  question  of  how  strongly  the  actual  concentration  of  carbon  dioxide 
surrounding  vegetation  deviates  from  the  average  (0.03%)  has  been  much  dis¬ 
cussed,  and  widely  divergent  opinions  have  been  expressed  on  this  sub¬ 
ject.  Undoubtedly,  carbon  dioxide  concentration  near  the  ground  m  dense 
vegetation  can  rise  considerably  above  the  average,  particularly  at  the  end 
of  night.  However,  extreme  figures  such  as  [CO,]  >  1%,  Slven  * 
investigators,  are  unlikely.  We  will  quote  two  examples  of  more  rel’a“e 
determinations:  Verduin  and  Loomis  (1944)  found  that,  m  a 
thp  concentration  of  carbon  dioxide  100  cm.  above  ground,  was  0-055 
0.080%  at  night,  and  rapidly  declined  to  0.045%  m 
(1948)  found  that  CO,  concentration  near  the  giounc  ( 
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(at  1  P.M.,  in  June),  0.13%  in  a  forest,  0.10%  in  grassland,  and  0  18%  in  a 
river  bottom.  The  concentration  declined  steeply  with  height  abo^ 
ground  in  all  these  habitats,  dropping  to  near  average  (~0.04/o)  8  or  10 

cm.  above  ground.  ,  , 

The  decline  of  photosynthesis  at  excessively  high  concentrations  oj  carbon 

dioxide  (e.  g.,  10  volumes  per  cent  C02  or  more,  corresponding  to  over  300 
X  10“5  M),  Avhich,  before  Blackman,  was  considered  a  confirmation  of  the 
“optimum  theory,”  was  reinterpreted  by  Blackman  as  an  inhibition  effect, 
alien  to  the  intrinsic  kinetic  mechanism  of  photosynthesis.  It  was  dis¬ 
cussed  as  such  in  chapter  13  (Vol.  I)  which  dealt  with  various  inhibitors 
and  stimulants.  Referring  the  reader  to  this  chapter,  we  merely  repeat 
here  references  given  there  to  the  work  of  de  Saussure  (1804)  (who  dis¬ 
covered  the  effect),  Boussaingault  (1865),  Bohm  (18/3),  Ewart  (1896), 
Chapin  (1902),  Pantanelli  (1903),  Jaccard  and  Jaag  (1932)  and  Livingston 
and  Franck  (1940).  A  recent  study  by  Ballard  (1941)  with  leaves  of 
Ligustrum  can  be  added  to  the  list.  It  showed  that,  at  17°  C.,  inhibition 
occurred  (at  35,000  lux)  at  [C02]  =  2%,  while  at  low  temperatures  (6°  C.) 
no  inhibition  was  noticeable  up  to  5%.  We  recall  that  Chapman,  Cook 
and  Thompson  (1924)  found  that  high  carbon  dioxide  concentration  induces 
closure  of  the  stomata;  it  was  therefore  suggested  in  chapter  13  that  sto¬ 
mata  may  account  for  some  of  the  observed  carbon  dioxide  inhibition  ef¬ 
fects.  Other  phenomena,  which  also  may  contribute  to  the  inhibiting 
influence  of  excess  carbon  dioxide,  are  its  adsorption  on  catalytic  surfaces 
(“narcotization”),  and  possibly  also  acidification  of  the  cell  fluids  (shift 
of  intercellular  buffer  equilibria). 

That  the  closure  of  stomata  is  not  the  only  reason  for  carbon  dioxide 
inhibition  is  illustrated  by  the  observation  of  Osterlind  (1949)  that  it  also 
occurs  with  algae  such  as  Scenedesmus  quadricauda.  An  inhibition  of  the 
growth  of  this  alga  became  noticeable  at  2  X  10  ~3  mole/1.,  and  reached 
50%  at  10  X  10~3  mole/1.  C02. 


5.  External  Supply  and  Exhaustion  Effects 

In  commenting  on  lable  27.1,  we  noted  wide  variations  in  the  numerical 
values  of  the  saturating  carbon  dioxide  concentration  and  suggested  that 
these  variations  may  be  due  largely  to  the  exhaustion  of  carbon  dioxide  in 
the  immediate  neighborhood  of  the  plants.  We  will  now  consider  this  as¬ 
pect  of  the  problem  more  closely. 


The  experimental  results  fall  roughly  into  three  classes.  One  group 

KnmaWiOTW  ^  ICSU'tS  f  Blackman  “<1  Smith  (1911)  and  Singh  and 
Kumar  (1935)  the  somewhat  less  extreme  data  of  James  (1928)  and  the 

figures  given  by  Steemann-Nielsen  (1946)  for  Fonlinalis,  and  by  Wassink 
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and  co-workers  (1941-1942)  for  purple  bacteria,  is  characterized  by  con¬ 
tinued  increase  of  the  rate  of  photosynthesis  with  increasing  carbon  dioxide 
concentration  until  the  latter  has  reached  50,  80,  200  (Singh  and  Kumar) 
or  even  400  X  10-5  mole/1.  (Blackman  and  Smith);  the  last  value  corre¬ 
sponds  to  12%  carbon  dioxide  in  the  air!  Earlier  measurements  of  Kreusler 
(1885,  1887)  and  Brown  and  Escombe  (1902),  not  included  in  the  table,  fall 
into  the  same  category. 

An  intermediate  group  of  results,  including  Harder’s  (1921)  and  Smith’s 
(1937,  1938)  on  higher  aquatic  plants,  and  Emerson  and  Green’s  (1934) 
on  Gigartina ,  place  carbon  dioxide  saturation  at  20-30  X  10  ~5  mole/1.  C02. 
Finally,  in  several  careful  investigations,  the  rise  of  photosynthesis  with 
increasing  carbon  dioxide  concentration  was  found  to  cease  as  early  as  be¬ 
tween  0.5  and  5  X  10-5  mole/1.  C02  (Hoover  and  co-workers  1933,  and 
Singh  and  Lai  1935,  higher  plants;  van  der  Honert  1930  and  van  der 
Paauw  1932,  Hormidium ;  Emerson  and  Green  1938,  Chlorella;  and 
Barker  1935,  diatoms).  It  will  be  noted  that  results  of  this  low  order  of 
magnitude  have  been  obtained  both  with  land  plants  in  rapidly  circulating 


gas,  and  with  algae  in  well-stirred  acid  or  alkaline  solutions. 

There  is  little  doubt  that  most  if  not  all  results  of  the  first  type  were  due 
to  insufficient  circulation  and  consequent  depletion  of  carbon  dioxide  in 
the  medium  surrounding  the  plants.  It  is  by  no  means  certain  that  con¬ 
centration  gradients  in  the  external  medium  did  not  affect  significantly 
also  the  results  in  group  2,  or  even  in  group  3.  And,  in  addition  to  gradi¬ 
ents  in  the  external  medium  (which  can  be  reduced  by  intense  circulation), 
we  also  must  consider  those  in  the  stomata,  air  channels,  cell  walls  and 

cytoplasm.  . 

The  importance  of  rapid  circulation  can  be  understood  by  considering 

that  green  cells,  such  as  Chlorella,  can  consume,  in  strong  light,  up  to  one 
half  their  own  volume  in  carbon  dioxide  each  minute.  In  cell  suspensions, 
the  volume  of  the  cells  usually  is  from  0.1  to  1%  of  the  volume  of  the 
medium.  Consequently,  the  suspension  as  a  whole  will  use  up  its  own 
volume  in  carbon  dioxide  in  from  200  to  2000  min.  In  other  words  the 
rate  of  consumption  of  carbon  dioxide  will  be  from  2  X  10  to  2  X 
mole  CCh/l.  min.  Consequently,  if  the  concentration  of  carbon  dioxide 
in  the  medium  is  x  X  10~‘  M,  it  will  be  all  used  up  in  from  0.05  x  to  0  o 
x  minute,  or  from  3  x  to  30  x  second.  Consulting  1  able  8.11,  we  note  that 
in  water  equilibrated,  at  25“  C„  with  an  atmosphere  containing  001% 
CO,  x  =  0.4;  0.1%  CO,,  *  -  4.1;  1%  C02,  *  =  41,  and  so  on.  Conse¬ 
quently,  a  cell  suspension  in  an  acid  medium  that  contains  no  significant 
amounts  of  HCO,"  ions,  containing  0.1  to  1%  cells  by  vo 

bra  ted  with  air  containing  0.01  %  t  U2,  m  nom 
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atmosphere  contained  0.1%  CO,,  and  so  on.  Bicarbonate  solutions  con¬ 
tain,  for  each  CO,  molecule,  about  100  HCOr  ions;  they  should  therefore 
last  one  hundred  times  longer  than  acid  solutions  with  the  same  value  o 
[CO2].  Finally,  0.1  M  carbonate-bicarbonate  buffers  containing  liom  2  X 
105  (buffer  No.  1)  to  330  (buffer  No.  11)  carbonate  and  bicarbonate  ions 
for  each  C02  molecule  provide  sufficient  reserves  to  maintain  full  photosyn¬ 
thesis,  in  suspensions  containing  0.1  to  1%  cells  by  volume,  foi  from  500 
to  5000  minutes,  or  8  to  80  hours. 

These  figures  lead  to  several  conclusions.  First,  measurements  of  the 
rate  of  photosynthesis  at  low  carbon  dioxide  concentrations  (c.  g.,  less  than 
1%  C02  in  the  air,  or  30  X  10  ~5  M  in  solution),  if  they  are  to  last  for  more 
than  a  few  seconds,  require  an  ample  supply  of  carbon  dioxide,  either  in 


situ,  in  the  form  of  carbonate  and  bicarbonate  ions,  or  from  outside,  in  the 
form  of  large  amounts  of  circulating  liquid  or  gas,  which  must  be  kept  well 
supplied  with  fresh  carbon  dioxide  to  replace  losses.  Second ,  whenever 
leaves  or  multicellular  algae  are  used,  very  intense  stirring  or  circulation  is 


required  to  prevent  the  establishment  of  a  carbon  dioxide  concentration 
gradient  around  the  plants.  The  required  stirring  depends  on  the  ratio  of 
surface  to  volume.  This  is  well  illustrated  by  the  following  example: 
Gessner  (1938)  measured  the  oxygen  liberation  by  two  varieties  of  Proser- 
pinaca  paluslris — one  with  large  leaves  and  one  with  finely  divided,  feather¬ 
like  leaves.  In  stagnant  water,  the  first  variety  produced  much  less  oxygen 
than  the  second  one;  stirring  improved  strongly  the  efficiency  of  the  large- 
leafed,  but  did  not  affect  the  oxygen  production  by  the  feather-leafed 
variety.  In  other  words,  in  the  absence  of  circulation,  external  carbon 
dioxide  supply  must  have  been  the  rate-limiting  factor  for  the  large-leafed, 
but  not  for  the  feather-leafed,  variety. 

It  seems  that,  with  multicellular  objects,  even  the  provision  of  a 
strongly  stirred  bicarbonate-buffered  medium  does  not  always  guarantee 
the  absence  of  carbon  dioxide  exhaustion  effects.  Wassink  (1946)  found, 
for  example,  that  the  photosynthesis  of  5  mm.  discs  cut  out  of  leaves,  sus¬ 
pended  in  carbonate  buffer  No.  9  (7.9  X  10~5  mole/1.  C02)  and  shaken  in  a 
Warburg  apparatus,  still  was  largely  “carbon  dioxide  limited.”  The 
equilibrium  concentration  of  carbon  dioxide  in  the  atmosphere  above  this 
buffer  is  0.25%  (cf.  Tables  8.V  and  8. II).  By  increasing  the  initial  carbon 
dioxide  content  in  the  air  space  to  2%  in  some  cases,  and  to  as  much  as  9% 
in  others,  Wassink  was  able  to  obtain  carbon  dioxide  saturation.  Without 
exact  knowledge  of  the  dimensions  of  the  apparatus,  it  is  difficult  to  esti¬ 
mate  the  final  carbon  dioxide  concentration  and  the  pH  of  the  solutions 
treated  in  this  way. 

Closure  of  the  stomata  in  punched  leaf  discs  may  have  been  one  of  the 
reasons  for  apparent  extreme  carbon  dioxide  requirements  observed  in 
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these  experiments.  From  this  point  of  view,  and  from  the  point  of  view 
of  favorable  ratio  of  surface  to  volume,  unicellular  algae  offer  much  better 
conditions.  In  brief  experiments,  or  in  weak  light,  they  can  be  used  in 
acid  solutions  previously  equilibrated  with  carbon  dioxide  of  sufficiently 
high  partial  pressure  (>1%;  it  was  calculated  above  that  a  suspension 
containing  1  volume  per  cent  of  cells  will  use,  in  saturating  light,  all 
the  carbon  dioxide  contained  in  water  equilibrated  with  1%  C02,  in  1.5 
minutes).  If  stronger  illumination  or  longer  duration  of  experiments  is 
desired,  acid  solutions  can  be  used  only  if  the  carbon  dioxide  content  is 
continuously  renewed,  e.  g.,  by  stirring  with  a  gas  the  carbon  dioxide  con¬ 


tent  of  which  is  maintained  by  contact  with  an  alkaline  carbonate  buffer. 

More  efficient  should  be  the  provision  of  carbon  dioxide  reserves  in 
situ  by  using  carbonate  buffers  directly  as  suspension  media,  as  first  sug¬ 
gested  by  Warburg.  However,  a  certain  difficulty  arises  from  their  un- 
physiological  and  variable  alkalinity.  In  progressing  from  M/10  buffer 
No.  1  (0.5  X  10 ~5  mole/1.  C02)  to  M/10  buffer  No.  11  (29  X  10“B  mole/1. 
C02),  we  find  the  pH  declining  from  11  to  8.5.  Since  all  living  cells  are 
more  or  less  sensitive  to  excess  alkalinity  (even  if  Chlorella  appears  to  be 
remarkably  resistant  to  it),  this  drop  of  pH  could  cause  continued  increase 
of  the  rate  of  photosynthesis  in  a  range  where  this  rate  is  intrinsically  in¬ 
dependent  of  carbon  dioxide  concentration.  This  may  explain,  for  ex¬ 
ample,  the  difference  between  the  carbon  dioxide  curve  of  Chlorella  as  de¬ 
termined  by  Warburg  (1919)  in  carbonate  buffers,  and  the  same  curve  ob¬ 
tained  by  Emerson  and  Green  (1938)  in  a  phosphate  buffer.  The  first 
one  continues  to  increase  up  to  and  beyond  9  X  10  5  mole/1.  C02,  while 
the  second  one  is  perfectly  flat  above  0.7  X  10  5  mole/1.  C02 

On  the  other  hand,  observations  of  Ruttner  (1947,  1948)  and  others  on 
the  maximum  pH  reached  in  non-renewed  media  after  prolonged  photosyn¬ 
thesis  by  aquatic  plants  (c/.  above  page  890),  tend  to  discount  the  damaging 
effect  of  alkalinity  on  algae  and  submerged  phanerogams  (as  contrast 
to  water  mosses),  by  indicating  the  continuation  of 

nH  11  or  12;  pH  measurements  on  cell  sap  showed  it  to  maintain  it,  ap 
nroximately  neutral  reaction  even  in  such  highly  alkaline  media. 

(For  other  possible  explanations  of  the  difference  between  t  e  2 
of  Chlorella  as  observed  by  Warburg,  and  by  Emerson  and  Green, 
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of  dehydration  being  about  10  sec."1  at  18°  C.;  (cf.  Table  8.III).  T  e 
rate  of  dehydration  of  HC03-  ions  was  not  given  there,  but  we  can  esti¬ 
mate  it  from  the  rate  of  addition  of  OH“  to  C02,  determined  experimen¬ 
tally  by  Brinkman,  Margaria  and  Roughton  (1933): 

C02  +  OH-  '  *  ^  HC03- 

k ' 

k  =  2.05  X  103  (18°  C.) 

To  obtain  kf,  first  calculate  the  equilibrium  constant  of  the  above  reaction 
from  the  known  constants  of  dissociation  of  water  (1.04  X  10  ),  ionic 

dissociation  of  H2C03  into  H+  and  HCO-r  (1.8  X  10  ~4),  and  hydration  of 
C02  (2.2  X  10-3),  and  obtain: 

K  =  k/k'  =  4.4  X  107 

This,  together  with  the  above  value  for  k,  gives  (for  18°  C.) : 

k'  =  (2.05  X  103)/(4.4  X  107)  =  0.47  X  10~4 

This  indicates  that  an  HC03-  ion  lives,  on  the  average,  at  18°  C.,  as  long 
as  2.7  X  104  sec.  before  being  dissociated  into  OH  -  and  C02.  A  bicarbonate 
buffer  containing  y  mole  HC03~/1.  can  therefore  supply  a  maximum  of  4.7 
X  10-6  y  mole  C02/l./sec.  by  this  dehydration  process.  At  pH  <  10, 
dehydration  via  H2C03  must  be  added;  at  pH  9  it  can  double  the  rate 
of  conversion  of  HC03~  to  C02  (assuming  the  association  of  HC03~  and 
H+  to  H2C03  to  be  practically  instantaneous).  A  solution  containing 
y  =  0.02  mole/1.  HC03_  (Warburg’s  M/ 10  buffer  No.  2,  pH  ^  10.7) 
is  thus  able  to  supply  a  maximum  of  9  X  10 ~7  mole  C02/1.  sec.  The  cor¬ 
responding  figure  for  buffer  No.  9  (0.085  M  HC03~,  pH  ^  9.4)  is  5  X 
10-6  mole  C02/1.  sec.  Comparing  these  figures  with  the  above-estimated 
maximum  rates  of  photosynthesis  in  strong  light  (from  2  X  10  ~5  to  2  X 
10-4  mole  C02/1.  min.,  or  from  3.3  X  10~7  to  3.3  X  10“6  mole  C02/1.  sec. 
for  suspensions  containing  from  0.1%  to  1%  cells  by  volume),  we  note  that 
the  maximum  supply  exceeds  maximum  consumption  in  the  0.1%  suspen¬ 
sion  by  a  factor  of  about  three  in  buffer  No.  2  and  by  a  factor  of  about  fifteen 
in  buffer  No.  9.  In  1%  suspension,  the  supply  is  quite  insufficient  in  buf¬ 
fer  No.  2  and  barely  sufficient  in  buffer  No.  9.  Considering  the  roughness 
of  the  calculation  (e.  g.,  the  use  of  concentrations  instead  of  activities),  the 
maigin  is  by  no  means  secure  even  in  the  dilute  suspension.  Assuming  the 
calculation  to  be  exact,  a  supply  process  with  a  maximum  rate  equal  to 
only  3  times  the  nonmhibited  rate  of  reaction  is  bound  to  cause  a  marked 
inhibition  (cf.  chapter  26).  It  is  therefore  an  open  question  whether  the 
limited  rate  of  reproduction  of  C02  molecules  from  HC03~  ions  can  play  a 
role  m  the  determination  of  the  rate  of  photosynthesis  of  dilute  suspensions 
m  St  long  light,  at  least  in  the  more  alkaline  carbonate  buffers.  This 
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“bottleneck”  may  well  have  contributed,  c.  g.,  to  the  decline  in  rate  ob¬ 
served  by  Warburg  (1919)  in  Chlorella  at  [C02]  <  9  X  10-5  M.  (As 
mentioned  before,  Emerson  and  Green  have  noted  no  such  decline  until 
[C02]  was  down  to  0.7  X  10 “5  M,  and  have  suggested  that  damage  caused 
by  increased  alkalinity  of  the  lower  carbonate  buffers  could  provide  an 
explanation  of  Warburg’s  results.) 

Carbon  dioxide  exhaustion  effects  are  not  restricted  to  experiments  in 
liquid  media,  but  affect  also  measurements  made  with  land  plants  in  a  car¬ 
bon  dioxide  atmosphere,  if  it  is  stationary  (cf.  Lundeg&rdh  1921),  or  in¬ 
sufficiently  agitated  (Kreusler  1885,1887;  Singh  and  Kumar  1935);  this 
was  demonstrated  by  Kostychev  et  al.  (1927)  and  Chesnokov  and  Bazyrina 
(1932).  Here  again,  not  only  the  rate  of  gas  circulation,  but  also  the  size 
and  shape  of  the  plants  may  be  of  importance  and  the  opening  of  the 
stomata  constitutes  an  additional  complication. 

To  sum  up  it  seems  safe  to  assume  that,  whenever  the  rate  of  photo¬ 
synthesis  was  found  to  continue  its  increase  with  the  external  concentia- 
tion  of  carbon  dioxide  much  above  [C02]  =  10  X  10  ~5  M,  the  reason  was 
slow  outside  supply  of  carbon  dioxide  to  the  photosynthesizing  cells,  and 
consequent  exhaustion  of  the  reduction  substrate.  Experiments  in  vigoi- 
ously  stirred  solutions,  or  in  rapidly  circulating  gas  mixtures,  regularly 
showed  the  pliotosynthetic  apparatus  to  become  saturated  with  carbon 
dioxide  at  concentrations  not  much  higher,  or  even  lower,  than  1  X  10 
M.  Even  in  experiments  of  this  type,  one  cannot  be  certain  whether  all 
diffusion  effects  have  been  eliminated,  particularly  m  higher  plants,  where 
the  diffusion  resistance  of  the  stomata,  epidermis  and  air  channels  cannot 
be  destroyed  by  stirring  or  gas  circulation.  The  diffusion  resistance  of  the 
cell  walls  or  protoplasmic  layers  also  remains  unaffected  by  all  me¬ 
chanical  means  (although  it  may  perhaps  be  changed  by  chemical  agents). 

Another  source  of  distortion  of  the  carbon  dioxide  curves  of  photosyn- 
thesis  was  noted  by  Howies  (unpublished)  and  Whittmgham  (1949)  in 
Brigg’s  laboratory.  They  observed  that  the  photosynthesis  o  CMo.elh 
in  carbonate  buffers  with  low  [C02]  values  was  time-dependent,  if  the  cells 
had  been  transferred  into  the  C02  deficient  medium  from  a  culture  medmm 
of  higher  concentration  (such  as  4%  C,02).  The  initial  rate  was  low,  it 
mcreSd  by  a  factor  of  3  in  the  course  of  two  or  three  ours  and  hen  be- 
,  Tf  f r*p|]s:  were  cultured  in  an  (O.uo/o  v  -^2 /> 
waThSitd  constant  from  the  beginning.  Obviously  then,  witli  cells 
“incubated”  at  high  [C02],  the  shape  of  the  carbon  dioxide  curve  n 
pend  on  the  duration  of  the  »'easurement^  ^  determined  at  low  [CO,] 

v.uL>^wi”to  low  carbon  dioxkle  concentration,  the  value 

Of  , . [CO, ]  is  as  low  as  0.5  to  1.0  X  10'«  mole/1. 
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The  initial  inhibition  of  photosynthesis  in  low  [C02],  shown  by  cells 
previously  exposed  to  high  [C02]  values,  could  be  related  to  the  photoxida- 
tion  phenomena  observed  in  CO2  starved  plants  ( cf .  "\  ol.  I,  chaptei  19). 
Using  Franck’s  picture,  it  can  be  suggested  that  C02  satiated  cells,  placed 
in  C02  deficient  medium  and  exposed  to  light,  develop  a  large  quantity  of  a 
“narcotic”  (perhaps,  because  they  were  full  ol  metabolites),  which  settles 
on  chlorophyll  and  holds  photosynthesis  down.  The  autocatalytic  removal 
of  this  inhibition  seems  to  require  2-3  hours  (as  against  a  few  minutes  in 
ordinary  induction,  cf.  chapter  33).  That  such  cells  in  fact  are  inhibited 
is  confirmed  by  the  observation  that  if,  after  brief  exposure  to  light  in  low 
[C02],  they  are  brought  back  into  a  medium  of  high  [C02]  (such  as  buffer 
No.  9),  they  show  a  reduced  rate  of  photosynthesis  in  this  medium  as  well. 

Since  these  experiments  were  carried  out  in  carbonate  buffers,  the  ob¬ 
served  effects  can  be  attributed  either  to  changes  in  [C02],  or  to  those  in 
pH. 

If  all  carbon  dioxide  activity  gradients  between  the  outside  medium 
and  the  site  of  photosynthesis  could  be  avoided,  we  would  still  anticipate, 
on  theoretical  grounds,  that  carbon  dioxide  concentration  will  retain  an 
influence  on  the  rate  of  photosynthesis:  first,  because  of  dissociation, 
under  low  partial  pressure  of  carbon  dioxide,  of  the  carbon  dioxide-acceptor 
compound  that  we  assume  is  formed  as  an  intermediate  in  photosjmthesis 
(cf.  chapter  8) ;  and  second,  because  of  the  dependence  of  the  rate  of  forma¬ 
tion  of  this  compound  (“carboxylation”)  on  the  factor  [C02].  These  two 
relationships  will  be  discussed  theoretically  in  sections  7b  and  c;  but  there 
can  be  no  certainty,  until  much  more  precise  measurements  have  been 
carried  out,  that  any  of  the  observed  carbon  dioxide  curves  actually  reflect 
one  or  both  of  these  intrinsic  kinetic  relationships,  rather  than  the  more 
incidental  diffusion  phenomena.  As  long  as  a  [C02]  effect  can  be  made  to 
disappear  by  improved  stirring,  it  reveals  itself  as  due  to  external  diffusion; 
but,  when  no  further  improvement  in  rate  can  be  achieved  in  this  way,  this' 
does  not  mean  that  the  remaining  [C02]  effect  is  not  caused  by  diffusion  in 
thobe  parts  of  the  gas  path  were  external  stirring  can  do  no  good. 


In  estimating  the  supply  of  carbon  dioxide  to  plants  under  natural  conditions,  the 
possibility  of  carbon  dioxide  supply  through  the  roots  must  not  be  overlooked  It  was 
mentioned  ,n  chapter  2  (Vol.  I)  that  the  doctrine  of  the  aerial  nourishment  of  plants  was 

svnth^?  TaCC°UH  me,t°f  ^  di8C°Verer  °r’  more  ^tly,  co-discoverer  of  photo- 

oHw’  T*  ^  time  °f  Lk‘big’  this  doctrine  h*s  become  the  basis 

of  the  science  of  plant  nutrition.  However,  under  certain  conditions,  Senebier’s  concen 

hat  carbon  dioxide  can  be  supplied  by  the  soil  water  to  the  roots  and  thenl  ^ T 
“"d  arC  C°nS,dered  “  *»  «>e  external  carbon  dioxiS  cTntmrkuo^  For' 
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recent  discussions  of  this  question,  we  refer  to  Bergamaschi  (1929),  Livingston  and  Beall 
(1934),  Suessenguth  (1937),  Overkott  (1938,  1939)  and  Hartel  (1938).  The  experiments 
of  the  two  last-named  authors,  in  particular,  have  confirmed  unambiguously  that  a  cer¬ 
tain  amount  of  carbon  dioxide  can  be  conveyed  from  roots  to  leaves  by  convection  (and 
to  a  smaller  extent  by  diffusion),  and  that  this  supply  can  be  utilized  by  leaves  for  the 
synthesis  of  carbohydrates.  It  was  even  suggested  that  this  “invisible”  CO2  supply, 
brought  about  by  increased  transpiration  during  the  hot  hours  of  the  day,  may  be 
the  cause  of  the  decline  of  the  carbon  dioxide  absorption  from  the  air,  which  is  often  ob¬ 
served  at  midday  (c/.  page  873).  Whether  this  is  a  valid  hypothesis  cannot  be  judged 
without  quantitative  investigations;  but  in  any  case,  it  cannot  explain  all  the  aspects 
of  the  so-called  “midday  depression,”  (a)  because  these  also  include  a  decline  of  oxygen 
liberation,  (6)  because  they  have  been  observed  not  only  in  the  higher  land  plants  but 
also  in  aquatics. 


6.  Role  of  the  Stomata 

It  was  stated  above  that,  in  experiments  with  the  leaves  of  the  higher 
land  plants,  a  special  problem  is  posed  by  carbon  dioxide  passage  through 


Vur  27  5  Diagram  of  a  section  through  stoma  and  substomatal  cavity  oi  a 
Jl  lw  dS,  of  diffusion  of  gases  in  photosynthesis  (after  Bobbins  and 
Rickett).  Arrows  with  black  balls  represent  carbon  dioxide;  those  with 

angles,  oxygen. 

th-  stomata  and  air  channels,  through  which  it  lias  to  flow  in  order  to  reach 
the  photosynthesizing  cells  of  the  palisade  tissue  and  of  the  spongy  paren 

chyma. 

A  controversy  as  to  whether  the 

stomata  or  also  through  the  cuticle  was  deeded  by  Blackman  (18J5). 
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experiments  with  paraffined  leaves,  that  gas  exchange  takes  place  almost  exclusively 
through  the  stomata,  in  the  way  indicated  in  figure  27.5.  Only  under  very  high  pres¬ 
sure  of  carbon  dioxide  did  Blackman  observe  a  slight  penetration  of  the  gas  through  the 
cuticle  According  to  St&lfelt  (1935),  in  the  free  atmosphere,  carbon  dioxide  pene¬ 
trates  the  cuticle  at  a  rate  of  only  between  3  and  6  X  10 "•  mole/cm.2  hr.;  the  gas  flow 
through  the  stomata  may  be  as  much  as  one  hundred  times  faster,  i.  e.,  of  the  order  of 
5  X  10~6  mole /cm.2  hr.,  despite  the  fact  that  their  openings  occupy  only  about  0.1% 
of  the  total  leaf  surface.  Freeland  (1946)  found  more  recently  that,  in  some  leaves,  the 
relative  rate  of  passage  of  carbon  dioxide  under  pressure  through  the  lower  and  the  up¬ 
per  surface  is  so  low  as  to  suggest  predominance  of  diffusion  through  the  epidermis  over 
passage  through  the  stomata.  The  thickness  of  the  epidermis  may  be  an  important 
factor  in  the  determination  of  the  relative  role  of  stomata  and  epidermis  as  routes  for 
the  entry  of  carbon  dioxide  into  the  leaf. 

Ferns  and  other  lower  land  plants  possess  no  stomata,  and  therefore  must  receive 
all  their  carbon  dioxide  supply  through  the  epidermis.  Stomata  also  are  absent  in 
aquatic  plants  and  algae,  where  their  main  function — regulation  of  evaporation — is  not 
required. 

Between  10,000  and  30,000  stomata  are  present  on  each  square  centi¬ 
meter  of  the  leaf  surface,  either  on  both  sides  or  on  the  lower  side  only. 
They  are  elongated  slits,  usually  from  10  to  15  n  long,  flanked  by  two  “guard 
cells”  (c/.  figs.  27.5  and  27.6),  which  are  capable  of  changing  shape  so  as  to 
effect  the  opening  or  closing  of  the  slit  ( cf .  fig.  27.7). 


Fig.  27.6.  A  portion  of  the  lower  epidermis  of  a  geranium  leaf  (after 

Robbins  and  Itickett). 


This  mechanism  is  brought  into  operation  by  shifts  in  the  sugar-starch 
equilibrium,  which  increase  the  turgor  when  the  slits  are  to  be  opened,  and 
decrease  it  when  they  must  be  closed. 

.  J'.]e  probl<™  of  the  diffusion  resistance  of  stomata  has  been  considered 
from  two  pom  so  view:  First,  it  was  asked:  Is  it  possible  for  a  diffusion 
flow  of  up  o  0-s  mole  (0.24  cc.)  C02/hr.  (cf.  chapter  28,  Table  28  5)  to 
pass  through  the  stomata  on  1  cm.'  of  the  leaf  surface,  when  the  total  open 
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area  is  less  than  1  mm.2  and  the  concentration  drop  is  not  more  (and  often 
less)  than  1  X  10~5  mole/1,  (which  is  the  normal  C02  concentration  in  the 
open  air)?  The  second  question  was:  Granted  a  remarkably  low  diffusion 
resistance  of  the  stomata,  is  this  resistance  nevertheless  an  important 
“limiting  factor”  in  photosynthesis  of  higher  plants,  particularly  at  low 
carbon  dioxide  concentrations? 

To  understand  why  the  first  question  had  to  be  asked,  suffice  it  to  recall 
the  experiment  of  Brown  and  Escombe  (1900),  who  showed  that  a  leaf 
takes  up  carbon  dioxide  from  quiet  air  almost  as  rapidly  as  an  equally  large 
surface  of  an  alkali  solution!  It  was  soon  found  that  this  unexpectedly 
high  rate  of  diffusion  has  nothing  to  do  with  the  physiological  properties  of 
the  leaf  but  is  a  general  property  of  multiperforate  septa,  i.e.,  barriers  con¬ 
taining  many  small  openings.  Model  experiments  on  transpiration  showed 
(c/.  Sierp  and  Seybold  1929,  1930)  that  the  rate  of  evaporation  from  a  ves- 


Fie  27.7.  Stoma  of  Helleborus  sp.  in  transverse  section.  Darker  lines  show  shape 
assumed  by  guard  cells  when  stoma  is  open;  lighter  lines  when  stoma  is  closed  (from 
Strassburger  et  al,  after  Schwendener).  In  closed  state,  vacuole  (shaded  area)  con- 
SSL  of  water  loss  caused  by  decreased  turgor  (produced  by  polymenzation 

of  sugars). 


sel,  covered  with  a  septum,  can  be  as  high  as  three  fourths “ 
equally  large  open  vessel-even  if  the  aggregate  area  of  the  holes  is  ess 
than  1%  of  the  total  surface  of  the  liquid!  The  theoretical  solution  of  this 

» t-a 

the  conductor;  and  it  is  known  tha  P  .  f  n  spherical 
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evaporation  from  an  extended  surface  is  proportional  to  its  area,  while  t  e 
amount  of  evaporation  from  a  small  sphere  is  proportional  to  its  radius, 
the  same  applies  to  the  comparison  of  diffusion  across  an  extended  p  ane 
(the  case  usually  considered  in  the  derivation  of  diffusion  equations)  with 
the  diffusion  through  a  small  hole.  Diffusion  through  a  multiperf orated 
septum  can  be  treated  in  the  same  way  as  that  through  a  single  hole  as  long 
as  the  distance  between  the  holes  is  large  enough  (compared  with  the  radius 
of  the  holes)  for  the  half-spherical  surfaces  of  equal  concentration  (and  the 
radial  lines  of  flow,  which  are  normal  to  these  surfaces)  to  be  established 
around  each  hole  without  marked  interference  by  the  neighboring  holes. 

This  principle  was  first  applied  to  the  penetration  of  carbon  dioxide 
through  the  stomata  by  Brown  and  Escombe  (1900)  upon  advice  of  the 
physicist  Larmor.  Renner  (1910,  1911),  Brown  (1918),  Freeman  (1920), 
Sierp  and  Noack  (1921),  Sierp  and  Seybold  (1927,  1928,  1929),  Huber 
(1928)  continued  the  study,  being,  however,  mainly  concerned  with  the 
transpiration  of  plants.  As  a  typical  result,  we  reproduce  a  table  from 
the  paper  by  Sierp  and  Seybold  (1929).  Table  27.11  shows  the  rates  of 
evaporation  of  water  through  septa  with  different  numbers  of  holes  but  a 
constant  total  open  area.  The  next-to-last  row  shows  the  flow-retarding 
effect  of  an  inadequate  distance  between  the  holes.  The  table  indicates 
that  a  maximum  rate  of  diffusion  is  reached  asymptotically  when  the  holes 
are  reduced  to  20-10  p  in  diameter.  Although  the  aggregate  area  of  the 
holes  (3.14  mm.2)  is  less  than  1%  of  the  total  area  of  the  vessel  (400  mm.2), 
the  evaporation  rate  through  the  septum  with  holes  10  /x  in  diameter  is  as 
high  as  70%  of  that  from  the  open  vessel.  These  figures  indicate  that  the 
dimensions  of  the  stomata  (5-15  n)  may  be  appropriate  to  ensure  the  de¬ 
sired  rate  of  gas  exchange  through  the  smallest  possible  number  of  openings. 


Table  27.11 

Evaporation  through  Septa  (After  Sierp  and  Seybold  1929) 


Number 
of  holes 

Diameter 
of  hole,  fi 

Total 

open 

area,  mm.2 

Total 

circumference 
of  all  holes,  mm. 

Distance 
between 
holes, 
multiples 
of  pore 
diameter 

Rate  of 
evaporation 
in  quiet  air 

1 

400 

1,600 

10,000 

40,000 

10,000 

Open  surface 

2000 

100 

50 

20 

10 

20 

3.14 

3.14 

3.14 

3.14 

3. 14 

3. 14 

400 

6.28 

125.6 

251.2 

628.0 

1 256 . 0 

628.0 

9.5 

9.2 

9.1 

9.0 

4.0 

1.0 

7.7 

11.1 

11.7 

12.1 

5.5 

16.3 

The  theory  of  gas  diffusion  through  multiperforate  septa  v 
advanced  by  Verduin  (1949),  by  mathematical  analysis  of  t 


further 

mutual 
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interference  of  the  openings.  He  calculated  that  interference  should  be 
inversely  proportional  to  the  square  of  the  distance  between  pores,  d: 

log  Q/Qi  =  - k/d 2 


where  Qi  is  the  diffusion  rate  at  d  =  oo .  This  equation  agrees  well  with 
experimental  results  of  Verduin  (1949)  and  Weishaupt  (1935).  At  a  given 
ratio  of  pore  diameter  and  pore  distance,  the  interference  must  be  stronger 
the  smaller  the  pores.  The  stomata  are  so  small  that  the  diffusion  through 
each  of  them  is  reduced  significantly  by  interference — sometimes  by  >  50% 
of  the  theoretical  value  for  an  isolated  opening  of  the  same  size.  As 
stomata  close  gradually,  interference  weakens;  and  the  diffusion  rate 
therefore  declines  slower  than  proportionally  to  the  open  area. 

These  experiments  and  their  theoretical  interpretation  explain  how  the 
tiny  stomata  can  allow  a  large  volume  of  carbon  dioxide  to  diffuse  into  the 
leaf,  thus  permitting  a  high  rate  of  photosynthesis.  We  now  turn  to  the 
second  question;  does  the  resistance  of  the  stomata  impose  a  significant 


limit  on  the  carbon  dioxide  supply  and,  with  it,  on  the  rate  of  photosynthe¬ 
sis?  Closed  stomata  undoubtedly  must  curtail  photosynthesis  drastically 
(restricting  it  to  the  utilization  of  the  carbon  dioxide  that  can  reach  the 
chloroplasts  by  diffusion  through  the  cuticle,  or  is  produced  in  the  leaf  by 
respiration).  The  question  is;  How  far  must  the  stomata  be  open  to 
cease  exercising  a  restrictive  influence  on  photosynthesis?  May  this 
restriction  be  significant  even  when  slits  are  fully  open?  Are  they  the 
bottlenecks  responsible  for  the  “Blackman  features”  of  many  carbon 
dioxide  curves?  It  will  be  recalled  that,  in  the  preceding  chapter,  it  was 
shown  that  the  restrictive  influence  of  a  reaction  step  generally  becomes  felt 
long  before  the  rate  of  the  over-all  process  closely  approaches  the  ceiling 
imposed  on  it  by  this  step.  Therefore,  the  resistance  of  the  stomata  may 
affect  the  shape  of  the  carbon  dioxide  curves  even  when  the  rate  of  photo¬ 
synthesis  is  not  more  than  one  half  or  one  quarter  of  the  maximum  possible 

flow  of  carbon  dioxide  through  the  stomata. 

For  an  experimental  study  of  the  influence  of  stomata  on  photosynthesis, 
one  must  measure  the  rate  of  photosynthesis  under  constant  externa  con¬ 
ditions,  but  with  varying  apertures  of  the  stomata.  Unfortunately  treat¬ 
ments  used  to  enforce  partial  closure  of  the  stomata  (such  as  incubation  in 
darkness  or  in  dry  air)  may  also  directly  affect  the  efficiency  o fp «■>- 
thesis  so  that  caution  is  required  in  the  interpretation  of  the  results  In 
order ’to  arrive  at  reliable  conclusions,  the  width  of  the 
rate  of  photosynthesis  must  be  determined  with  the  same  leaf  a  condit 

that  has  not  always  been  fulfilled.  nWosvnthesis 

The  relation  between  stomatal  openings  and  the  P 
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has  been  the  subject  of  study  by  several  investigators,  among  them  Iljin 
(1923),  Geiger  (1927),  Maskell  (1928),  Johansson  and  Stalfelt  (1928), 
Kostychev,  Bazyrina  and  Chesnokov  (1928),  Boysen-Jensen  (1932), 
Schoder  (1932),  Stalfelt  (1935),  Newton  (1936),  Heath  (1939)  and  Heath 
and  Penman  (1941). 

Of  these,  Kostychev,  Bazyrina  and  C  hesnokov  (1928),  and  Schodei 
(1932)  could  find  no  correlation  between  the  two  magnitudes.  All  other 
observers  concluded  that,  under  certain  conditions,  a  clear-cut  relationship 
can  be  noted  between  them. 

Thus,  Maskell  (1928)  found  a  parallelism  between  the  diurnal  and  seas¬ 
onal  course  of  stomatal  apertures  (as  measured  by  a  porometer)  and  the 
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Fig.  2<  .8.  Relation  between  photosynthesis  and  stomatal  openings  in  ordinary  air 
(0.03%  C02)  (after  Stalfelt  1935).  One-sided  illumination.  Air  flow  4  1  m./min. 

Average  errors  indicated  by  crosses.  Ordinates,  P  in  mg.  CO,/(100  cm.2  hr.). 


rate  of  photosynthesis.  He  made  a  theoretical  estimate  of  the  maximum 
rate  of  carbon  dioxide  passage  through  the  stomata,  and  concluded  that  it  is 

of  the  correct  order  of  magnitude  to  operate  as  a  bottleneck  in  photosyn¬ 
thesis. 

StMfelt  (1935)  determined  the  opening  of  the  stomata  by  microscopic 
measurements,  using  excised  pieces  of  leaves  of  wheat  or  other  cereals. 

ie  same  leaves  also  were  used  for  the  determination  of  photosynthesis 
1  he  width  of  the  stomata  was  varied  by  exposure  to  dry  air,  and  preillumin- 
ation  by  light  of  varying  intensity.  Figure  27.8  shows  typical  results.  It 

do '  nniH  m  Str0"g  light  (2C’000  lHX> the  limiti"g  effect  of  stomata 

hand  1  TT1;  CTT  e" they  arC  fu‘ly  0pen ;  at  8000  lux-  ™  ^e  other 
hand,  this  effect  already  ceases  to  be  noticeable  when  the  stomata  are  only 
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one  quarter  open  (2  /x).  This  difference  is  understandable  since  at  8000 
lux  the  maximum  rate  of  photosynthesis  is  only  8  mg.  C02/cm.2  hr.,  while 
in  26,000  lux,  it  rises  to  >  20  mg.  COo/cm.2  hr.  Stalfelt  concluded  that 
stomatal  openings  easily  may  limit  the  carbon  dioxide  supply  in  ordinary 
air,  and  therefore  also  the  rate  of  photosynthesis  under  natural  conditions, 
particularly  in  strong  light.  Like  Masked,  she  supported  this  view  by  cal¬ 
culations  of  the  rate  of  diffusion  through  the  stomata,  based  on  equations 
of  Brown  and  Escombe  (1900).  These  calculations  confirmed  that  the 
maximum  rate  of  carbon  dioxide  flow  from  ordinary  air  through  wide  open 
stomata  is  of  the  same  order  of  magnitude  as  the  maximum  rate  of  photo¬ 
synthesis. 

These  results,  while  clearly  showing  the  possible  "bottleneck”  role  of 
the  stomata,  do  not  mean  that  other  parts  of  the  path  between  atmosphere 
and  cliloroplasts  do  not  contribute  commensurable — or  even  greater — 
terms  to  the  total  diffusion  resistance. 


In  the  face  of  these  results,  one  must  disagree  with  Renner  (1910),  who  thought  that 
the  resistance  of  the  stomata  represents  only  a  negligible  fraction  of  the  total  diffusion  re¬ 
sistance  on  the  carbon  dioxide  path  from  the  atmosphere  to  the  chloroplasts,  as  well  as 
with  Schroeder  (1924),  who  attempted  to  prove  that  the  diffusion  resistance  of  the  air 
channels  is  the  rate-limiting  influence  in  the  photosynthesis  of  the  higher  plants,  and  in 
this  proof  altogether  omitted  the  resistance  of  the  stomata. 

Romell  (1927)  pointed  out  that  Schroeder  neglected,  not  only  the  flow  resistance 
of  the  stomata,  but  also  that  of  the  gas-liquid  interface,  and  of  the  liquid  phase  between 
the  cell  wall  and  the  chloroplasts.  Romell  calculated  that  the  gradient  of  the  carbon 
dioxide  concentration  in  the  air  channels  must  be  smaller  than  in  the  protoplasm  (be¬ 
tween  cell  wall  and  chloroplast),  and  that  both  these  gradients  should  be  negligible  in 
comparison  with  the  drop  of  concentration  at  the  phase  boundary,  caused  by  the  rela¬ 
tively  small  accommodation  coefficient  of  carbon  dioxide  on  water  (as  calculated  from 
Bohr’s  measurements  of  the  velocity  of  escape  of  carbon  dioxide  from  aqueous  so  ution). 
The  maximum  theoretical  rate  of  diffusion,  calculated  by  Romell  by  taking  all  these 
factors  into  account,  proved  to  be  considerably  lower  than  the  maximum  rate  of  photo¬ 
synthesis  that  the  leaves  actually  can  reach  in  open  air.  One  is  thus  led  o  assume  (c/. 
van  der  Honert  1930)  that  the  accommodation  coefficient  of  carbon  dioxide  is  larger  o 

the  cell  wall  than  on  a  water— air  interface. 


7.  Interpretation  of  Carbon  Dioxide  Curves 

The  preceding  pages  show  that  reliable  experimental  material  for  analyt¬ 
ical  interp^ationoUhe  carbon  dioxide  curves  of  photosynthes.s  .s  har  y 
available  at  present,  and  will  not  be  easy  to  obtain.  We  have  stated  that 
at  least  two  intrinsic  kinetic  factors  could  make  the  rate  of  photosynthesis 
a  function  of  the  external  carbon  dioxide  pressure:  the  probable  reversi- 
biHtv  of  the  primary  carbon  dioxide  absorption  (carboxylation)  step  a 
finL  rate  of  carboxylation.  The  difficulty  is  to  recognize  the  workings 
of  these  “intrinsic”  or  chemical  factors  behind  the  more  incidental,  p  ysi- 
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cal  flow  phenomena  outside  and  inside  the  plant.  We  cannot  be  sure  at 
present  whether  any  of  the  observed  carbon  dioxide  curves  reflect  reason¬ 
ably  well  the  effect  of  carboxylation  equilibrium  (or  of  the  rate  of  carboxy¬ 
lation),  or  whether  practically  all  carbon  dioxide  dependence  of  photosyn¬ 
thesis,  known  so  far,  is  due  to  diffusion  phenomena,  with  possible  addi¬ 
tional  distortions  by  the  time  effects  noted  on  page  908. 

Despite  this  unsatisfactory  state  of  our  experimental  knowledge,  we 
will  go  through  with  some  kinetic  derivations  leading  to  general  equations 
for  the  shape  of  carbon  dioxide  curves,  as  affected  by  the  several  factors  of 
slow  diffusion,  limited  rate  of  carboxylation,  reversibility  of  carboxylation 
and  limited  supply  of  light  energy.  We  will  thus  obtain  a  kind  of  skeleton 
analytical  theory  of  the  carbon  dioxide  curves,  which  could  prove  useful 
for  devising  and  interpreting  future  kinetic  measurements — if  only  inves¬ 
tigators  of  the  kinetics  of  photosynthesis  would  change  their  present  habit 
of  considering  only  their  own  limited  data,  and  ignoring  all  but  their  own 
ad  hoc  derived  equations. 

(a)  Carboxylation  Equilibrium 

Two  steps  in  photosynthesis,  the  rate  of  which  depends  directly  on  the 
factor  [C02]  are:  First,  diffusion  of  carbon  dioxide  from  the  medium  to 
the  reaction  site,  and  second,  the  first  chemical  reaction  of  carbon  dioxide. 

In  chapter  8  (Vol.  I),  we  decided  that  this  reaction  is  a  nonphotochemical, 
catalytic  carboxylation.  We  usually  described  it  by  the  formula  C02  — > 
{ C02 } ,  but  since  the  concentration  of  the  “carbon  dioxide  acceptor”  (until 
now  symbolized  by  braces)  enters  explicitly  into  many  of  the  following  ki¬ 
netic  equations,  we  will  from  now  on  designate  it  as  A,  and  the  product  of 
carboxylation  as  A002.  (Franck  and  Herzfeld,  1941,  used  the  more  specific 
symbols  RTT  for  acceptor  and  RCOOH  for  the  product.) 

The  two  [C02] -dependent  steps  can  then  be  written  as  follows: 

t27-1)  C02  ^  (C02)a 

(where  (C02).  refers  to  carbon  dioxide  in  the  immediate  neighborhood  of 
the  acceptor,  and  kd  is  a  diffusion  constant)  and: 

(27.2)  (CO*)*  -f-  A  ,  ^  AGO*  ( - >  reduction) 

a 

The  reduction  of  AC02  may  be  either  a  direct  photochemical  process  (as 
assumed  by  F ranck  and  Herzfeld;  cf.  scheme  7.VA),  or  a  nonphotochemi¬ 
cal  reaction  with  an  intermediate,  as  postulated  in  many  other  schemes 
in  c  lapters  and  9.  Even  in  the  latter  case,  the  rate  of  reduction  is  likely 
to  be  a  function  of  light  intensity,  because  the  partner  with  which  the  com- 
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pound  ACO2  reacts  must  be  a — direct  or  indirect — product  of  the  primary 
photochemical  process. 

Two  different  premises  can  be  used  in  the  kinetic  analysis  of  the  effect 
of  carboxylation.  One  alternative  (indicated  by  arrows  in  equation  27.1, 
is  to  assume  that  the  carboxylation  is  markedly  reversible,  i.  e.,  that  /ra  is 
of  the  same  order  of  magnitude  as  Ara[C02]a.  In  this  case,  the  association 
of  the  acceptor  A  with  carbon  dioxide  is  not  complete  even  without  any 
dislocation  of  the  equilibrium  by  the  consumption  of  AC02  in  light.  The 
other  alternative,  preferred  by  Frank  and  Herzfeld,  is  to  assume  that  the 
carboxylation  equilibrium  lies  entirely  on  the  side  of  association  (meaning 
fra[C02]  »  A*'),  so  that  in  the  dark  practically  all  acceptor  is  “saturated” 
by  carbon  dioxide  molecules  (at  all  practically  significant  partial  pressures 
of  carbon  dioxide),  unless  the  carbon  dioxide  molecules  are  displaced  by 
other  association  partners,  such  as  reduction  intermediates,  narcotics, 
etc.  Free  molecules  A  occur  in  this  picture  only  during  (or  immediately 
after)  intense  photosynthesis,  when  reduction  of  AC02  is  (or  has  been)  too 
rapid  for  the  recarboxylation  to  keep  step  with  it. 

As  described  in  chapter  8  (vol.  I)  the  known  equilibria  of  carboxylation 
in  vitro  correspond  to  practically  complete  dissociation.  Only  few  cases 
are  known  in  which  the  carboxyl  group  is  thermodynamically  stable  with 
respect  to  decarboxylation  (at  least,  under  sufficiently  high  carbon  dioxide 
pressures).  The  “saturation”  of  photosynthesis  with  carbon  dioxide,  which 
occurs  under  partial  pressures  as  low  as  0.1%,  indicates  that  conditions  may 
be  different  here,  perhaps  in  consequence  of  a  coupling  of  carboxylation 
with  another  reaction,  such  as  degradation  of  a  “high  energy  phosphate 
or  an  “endergonic”  oxidation-reduction  ( cf .  Vol.  I,  page  201).  Howeve  , 
there  is  no  experimental  or  theoretical  reason-except  convenience  in  ana¬ 
lytical  formulation — to  postulate  that  in  photosynthesis  the  carboxylation 
equilibrium  lies  completely  on  the  side  of  synthesis,  even  at  the  lowest  practi- 

ceptor,  the  carboxylation  equilibrium  is  determined  by  the  equation. 
(27>3)  [AC02]  =  (A8A0[CO2]a)/(l  +  A'a[COo]a) 

where  A,  is  the  total  available  concentration  of  the  acceptor: 


(27.4) 


A0  =  [A]  +  [AC02] 


and  AT  is  the  equilibrium  constant  of  carboxylation: 


(27.5) 


iva  [C02 ]a  [A  ]  =  [AC02] 
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If  the  carboxylation  mechanism  is  as  simple  as  postulated  in  (27.1),  Ihe 
equilibrium  constant  K&  is  equal  to  the  ratio  of  the  two  rate  constants  k& 

and  A-'. 

In  equation  (27.4)  it  is  assumed  that  the  acceptor,  A,  is  either  tree  or 
occupied  by  CO*.  This  may  not  be  the  complete  description  for  two  rea¬ 
sons:  In  the  first  place,  the  first  reduction  product  of  AC02,  designated  by 
us  as  AHC02,  may  require  time  for  its  dissociation  into  A  and  HC02;  part 
of  the  acceptor  is  then  “blockaded,”  during  photosynthesis,  by  this  reduction 
product  (c/.  section  /  below).  In  the  second  place,  the  photochemical  re¬ 
duction  may  have  to  be  repeated  several  times,  e.  g. : 

hv  hv  hv  hv 

(27.5A)  AC02 - >  AHCO2  - >  AH2C02  - »  AH3C02 - » 

AH4C02 - >  A  +  H20  +  JCH20) 

before  the  reduction  product  can  separate  itself  from  the  carrier  A  (as 
in  the  Franck-Herzfeld  mechanism  discussed  in  section  d  below.)  If 
AHCO2  is  assumed  to  be  the  only  product  of  photochemical  reduction,  the 
completion  of  its  reduction  to  AH4CO2 — i.  e.,  to  the  carbohydrate  level — 
must  be  ascribed  to  dismutations : 

4  AHC02  - >  AH4C02  +  3  AC02 

cf.  Vol.  I,  p.  158. 

The  simplest  assumption  that  can  be  made  in  the  interpretation  of  the 
carbon  dioxide  curves  of  photosynthesis  is  that  they  are,  at  least  basically, 
saturation  curves  of  the  acceptor  A.  This  means  that  one  assumes  (a) 
that  equilibrium  (27.3)  is  not  strongly  dislocated  during  photosynthesis, 
at  least  under  moderate  conditions,  and  (b)  that  the  rate  of  photosynthesis 
is  given  by  the  rate  of  reduction  of  the  compound  AC02,  and  the  latter  is 
proportional  to  the  concentration  [AC02  ] : 

(27-6)  P  =  nk*  X  [AC02] 


where  the  constant  k*  depends  on  the  intensity  of  illumination  (as  indi¬ 
cated  by  the  asterisk).  We  will  deal  with  the  possible  limitations  of  as¬ 
sumption  b  later  (see,  e.  g.,  section  e).  The  condition  for  the  correctness  of 
a(i.  e.,  for  the  maintenance  of  equilibrium  27.3  in  light)  is  (cf.  formula 

£  1  ,£)  \ 


(27-7)  K  <  k 

That  this  condition  is  not  always  satisfied  is  demonstrated  by  the  “pick 
up  phenomena,  described  in  chapter  8  (Vol.  I).  These  observations  show 

certain  ^  when  ^  is  ver-v'  larSe)  in  the  presence  of 

cei  tam  poisons  (when  ka  is  very  small)  the  acceptor  A  becomes  “denuded” 

of  carbon  dioxide  and  afterward  “picks  it  up”  in  the  dark. 
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Lhe  factor  n  in  (27.5)  is  either  1  or  a  fraction  of  1,  depending  on  how 
many  molecules  C02,  at  best,  can  be  reduced  to  the  carbohydrate  level, 

{ CH20 } ,  for  each  molecule  C02  which  undergoes  the  first  reduction  step 
(to  AHC02).  If  the  mechanism  of  reduction  involves  only  one  photo¬ 
chemical  step  (AC02  — »  AHC02),  followed  by  a  two-step  dismutation: 

4  hv 

4  AHC02  - - >  3  AGO,  +  H20  +  (CH201  +  A 

then  n  is  1/4.  If  an  energy  dismutation  step  of  the  type  discussed  in 
chapter  9  (page  204)  also  is  involved,  n  is  reduced  to  1/8.  If,  on  the  other 
hand,  C02  is  reduced  to  the  H4C02  level  in  a  straight  series  of  photochemi¬ 
cal  reduction  steps: 

AGO,  — >  AHC02  i  i  i  A1T4C02 - 4  A  +  H20  +  CH,0 


then  n  is  equal  to  1.  (As  a  compensation,  the  constant  k*  can  be  equal  in 
the  dismuation  model  to  the  number  of  the  absorbed  light  quanta,  but 
must  be  1/n  times  smaller  in  the  straight  reduction  model,  where  l/n 
quanta  are  needed  to  carry  a  single  C02  molecule  through  all  four  reduc¬ 
tion  steps.) 

Assuming  that  the  conditions  (27.6)  and  (27.7)  are  satisfied,  we  can 
insert  into  (27.6)  the  equilibrium  value  (2/. 3)  and  obtain,  for  the  carbon 
dioxide  curves  of  photosynthesis,  the  equation: 

(27.8)  P  =  nK  A'aAo[C02]a/(l  +  /va[C02]a) 


For  various  values  of  k*  (e.  g.,  for  various  light  intensities,  I),  equation 

(27.8)  represents  a  family  of  curves  of  the  “Bose  type.”  These  curves  are 
hyperbolae: 

(27.9)  P/(Pm*x.  —  P)  =  Aa[C02] 

At  the  saturating  concentrations  of  carbon  dioxide,  P  approaches  asympto¬ 
tically  the  maximum  rate: 


(27.10) 


P max.  Tlkr  Ao 


All  carbon  dioxide  curves  separate  from  the  beginning,  their  initial  slopes 
being: 

(27  11)  (jdP /d[C02]a)o  =  n^aAo 

They  all  reach  “half  saturation”  at  the  same  carbon  dioxide  concentration: 
(27.12)  l/2[C02]a  =  1/Pa 

The  empirical  carbon  dioxide  curves  deviate  more  or  less 
simole  tvpe:  Even  the  “Bose  type”  curves,  shown  in  figure  27.2A,  do  not 
all  reach  half  saturation  at  the  same  value  of  [C02].  We  can  attemp  o 
consider  the  curves  (27.8),  determined  exclusively  by  static  con  i  ions, 
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as  the  “primary”  carbon  dioxide  curves,  and  treat  the  empirical  curves  as 
if  they  were  basically  such  curves,  deformed  by  superimposed  kinetic  in¬ 
fluences.  In  the  region  of  low  carbon  dioxide  concentrations  (or  in  the 
presence  of  poisons  such  as  hydrogen  cyanide),  these  additional  influences 
comprise  supply  reactions  of  limited  efficiency  slow  carbon  dioxide  dif¬ 
fusion  and  slow  carboxylation.  These  two  processes  of  limited,  but  [C02]- 
proportional,  maximum  rate  tend  to  impose  a  slanting  “roof”  on  the 
p  =  /[C02]  curves  and  thus  to  convert  Bose’s  several  divergent  hyperbolae 
into  Blackman’s  single  and  almost  straight  line.  In  the  region  of  high  C02 
concentrations,  the  additional  kinetic  influences  must  be  due  to  [CO2]- 
independent  factors,  such  as  catalyst  deficiencies,  which  tend  to  impose  a 
horizontal  “ceiling”  on  the  over-all  rate,  i.  e.,  to  produce  “carbon  dioxide 
saturation”  of  photosynthesis  even  before  the  acceptor  A  has  become  sat¬ 
urated  with  carbon  dioxide. 


( b )  Diffusion  Factors 


When  diffusion  and  carboxylation  are  slow  processes  (more  exactly, 
when  their  maximum  rate  under  the  given  conditions  is  not  rapid  compared 
with  the  actual  rate  of  photosynthesis,  P )  the  concentration  [C02]a  of  the 
carbon  dioxide  molecules  in  the  immediate  neighborhood  of  the  acceptor 
may  decline  during  photosynthesis  considerably  below  the  concentration  of 
the  same  species  in  the  medium,  [CO2];  while  the  concentration  of  the 
carboxylated  acceptor,  [AC02],  may  decline  markedly  below  the  value 
corresponding  to  the  thermodynamic  equilibrium,  as  determined  by  equa¬ 
tion  (27.3).  The  stationary  concentrations,  [C02]a  and  [AC02],  estab¬ 
lished  under  such  conditions,  can  be  calculated  by  the  application  of  the 
law  of  mass  action  to  the  reactions  (27.1)  and  (27.2): 

(27.13)  [C02]a  =  (kd[ C02]  +  &a'[AC02])/(A;aAo  -  ka[AC02)  +  kd ) 


and: 


(27.14) 


[AC02] 


(UCO,]aA0)/(A;*  +&;  +MC02]8) 


C  ombined,  these  two  equations  give  a 
(and  thus  also  for  P)  as  a  function  of  [C02 
solution  is: 


quadratic  equation  for  [AC02] 
].  Its  one  physically  significant 


C 27.15)  [AC02]  =  kak*Ao  +  k'kd  +  k*kd  +  ^[CO,] 

2  k*k„ 


+  <kd  +  k*kd  +  k^kd  [C02 
2  k*kA 


ApA;d[C02] 

k* 
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Inserting  this  value  of  [AC02]  into  (27.6),  we  obtain: 


(27.16)  - 
n 


kikrAo  +  k^kd  +  krkd  +  [CO2  ] 
2 


kak* Ao  “l-  k^kd  k*kd  -f-  &a&d[CO,] 


2  k, 


-  AJcd[C02]k* 


This  equation  represents,  for  different  values  of  the  parameter  k*  (i.  e.f 
for  different  light  intensities),  a  set  of  hyperbolae.  Similarly  to  the  “pri¬ 
mary”  carbon  dioxide  curves  (27.8),  these  hyperbolae  approach  the  satura¬ 
tion  values  (27.10),  but,  in  contrast  to  the  primary  curves,  they  do  not  all 
reach  half  saturation  simultaneously.  The  expression  for  the  half-saturat¬ 
ing  external  carbon  dioxide  concentration  can  be  derived  from  (27.15)  by 
assuming  [AC02]  =  x/iA 0,  and  is  as  follows: 


(27.17) 


■/.IC°>]  -  3T.  D  + 


(fc. Ao  +  2  A-d)~l 

2  kdK  J 


This  equation  shows  that,  because  of  delayed  diffusion  and  carboxylation, 
the  half-saturation  point  advances  with  increasing  light  intensity  toward 
higher  carbon  dioxide  concentrations — a  behavior  actually  shown  by  most 
if  not  all  of  the  experimental  carbon  dioxide  curves  (c/.  figs.  27.2A,  27.2B 

and  27.3).  .  ,  7  + 

The  initial  slopes  of  the  curves  (27.16)  are  not  proportional  to  kr,  as 

were  the  slopes  of  the  primary  curves  according  to  equation  (2  ell),  but 
are  given  by  the  equation: 

(27.18)  {dP/d  [CO2D0  =  nkaA0kdk*  /(kaA0k*  +  Kkd  +  kdk* ) 


This  equation  shows  that  carbon  dioxide  curves  for  all  k'  values  are  con¬ 
fined  within  an  angle  formed  by  the  axis  of  the  abscissae  and  a  slanting 

straight  line  (“roof”): 


(27.19) 


tPlim 


k &Aokd 
ka  Ao  +  kd 


[CO,] 


mid  of  course  also  under  the  horizontal  ceiling  (27.10).  Equations 
(27  \6)  (27  17)’  (27.18),  and  (27.19)  represent  the  combined  effects  of  slow 
diffusion  and  slow  carboxylation.  If  only  one  of  these  facto.,  is  operative 
the  equations  can  be  simplified.  Pure  diffusion  limitation  can  be  assume 
if  the  maximum  diffusion  supply  is  much  smaller  than  the  maxmum  rate  of 
carboxylation,  while  pure  carboxylation  limitation  must  prevail 
reverse  condition.  In  the  first  case: 


(27.20) 
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and  equation  (27.16)  is  reduced  to: 


(27.21)  - 
v  n 


KaA0k*  +  kd  +  K&kd  [C02] 


4 -  kd  Kakd\G02\ 


A0 kdk*  [C02] 


(which  contains,  as  expected,  only  the  equilibrium  constant,  /va,  instead  of 
the  velocity  constants  and  A*a).  The  half-saturating  concentration  is. 


1  (  K&A0k* 

(27.22)  yJC02]  =  ^  [}  +  ~2kT 
and  the  initial  slope: 

(27.23)  (dP/d[CO2])0  =  nKmAok*rkd/(K^Aok*  +  kd) 


The  limiting  slanting  line  (roof”)  is: 

(27.24)  Pnm.  =  nkd[  C02] 


— an  expression  obviously  representing  the  maximum  possible  supply  of 
carbon  dioxide  by  diffusion  (multiplied  by  n). 

The  initial  slope  of  the  particular  carbon  dioxide  curve,  which,  without 
the  diffusion  limitation,  would  have  started  with  the  slope  equal  to  that  of 
the  limiting  line  (equation  27.24),  i.  e.,  according  to  equation  27.11,  the 
curve  corresponding  to  At  =  kd/K&A0,  is  reduced,  by  slow  diffusion,  to 
one  half  its  former  value : 

(27.25)  (rfP/d[CO2])0  =  nkd/2 

More  generally,  a  primary  curve  with  an  initial  slope  akd  is  reduced  by  the 
diffusion  limitation  to  an  initial  slope  of: 


(27.26) 


G[C02])o  “  (a  +  l)  nkd 


Thus,  primary  curves  with  initial  slopes  between  10  and  100  kd,  will 
be  confined,  in  consequence  of  slow  diffusion,  between  ^{lA^and  10%oi^ 

e’)  their  imtial  Parts  Wl11  practically  coincide  with  the  limiting  straight 
line  and  thus  present  a  picture  of  the  “Blackman  type.”  On  the  other 
land,  primary  curves  that  would  have  exceeded  the  limiting  rate  only  by 
actor  of  the  order  of  unity,  as  well  as  those  that  would  have  merely  ap- 

nnnr  ’  f  neverJexceeded ,  limit,  will  retain  their  individuality  and 

t  ”  an?  W1"„Shf;W  a  S->ual  transition  from  the  “Blackman 

Wt  ..,  h  B°Se  P6'  ■  A  Certain  dePressin8  effect  of  diffusion  will  be 
en  in  a  curve  the  original  slope  of  which  was  as  low  as  0.1  k„.  (The 
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slope  of  this  curve  will  be  reduced  by  10%. )  This  example  of  the  “advance 
effect”  exercised  by  a  “limiting  factor”  according  to  the  general  laws  of 
reaction  kinetics  has  already  been  quoted  in  chapter  26. 

(c)  Slow  Carboxylation 

This  case  is  contained  in  the  above-derived  general  equations  (27.16- 
27.19),  if  one  makes  the  assumption: 

(27.27)  kaA0Ckd 
This  implies  another  inequality: 

(27.28)  MC02]  »*“[AC02] 


equation  being  the  steady  state  condition  for  the  complex  AC02). 
Conditions  (27.27  and  27.28)  reduce  (27.13)  to: 


[C02  ]a  =  [CO,] 


(27.29) 


as  it  should  be  when  the  diffusion  supply  is  ample.  Consequently,  (27.14) 
and  (27.15)  are  replaced  by: 


[AC02]  =  fc.[  CO2]A0/(fc:  +  k*  +  k  .[CO,]) 


(27.30) 


and  (27.16),  by  the  much  simpler  equation: 


P  =  nfraA0  [C02  ]k*  /( fc '  +  k*  +  *.[  C02]) 


(27.31) 


This  equation  can  be  written  as: 

(27.32)  P/(Pmax.  —  P)  =  fca[C02]/(A-'  +  k* ) 

These  hyperbolae  reach  half  saturation  at: 


(27.33) 


(as  could  be  derived  also  directly  from  equation  27.17).  Their  initial  slopes 
are  {cf.  27.18): 


(27.34) 


(dP/d[  C02])o  =  nkaAok*/(K  +  K) 


All  curves  (27.31)  are  confined  under  the  “roof”: 


C27.35) 


P  iim.  =  nAftAo[C02l 
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the  influence  of  the  limiting  process  is  felt  long  before  the  rate  approaches 


the  limit. 


Carboxylation  was  treated  so  far  as  a  one-step  reaction,  with  a  rate 
proportional  to  the  concentration  [CO2L  It  is  known,  however  ( cf .  Vol. 
I,  page  203),  that  carboxylation  in  photosynthesis  is  cyanide-sensitive, 
and  thus  undoubtedly  a  catalytic  reaction.  It  must  therefore  consist  of 
several  steps,  such  as  the  formation  of  a  substrate-catalyst  complex,  and 
the  transformation  of  this  complex.  We  have  no  information  as  to  the 
precise  nature  of  these  steps,  but  it  can  be  assumed  that  at  very  low  [CO2] 
values,  the  rate-determining  step  will  be  one  with  a  rate  proportional  to 
[C02],  e.  g.,  reaction  (27.36).  Under  these  conditions,  the  above-given 
derivations  will  be  valid  for  the  catalyzed  as  well  as  for  direct  carboxyla¬ 
tion.  At  the  higher  [C02]  values,  however,  other  steps  or  the  carboxyla¬ 
tion  process  may  become  rate-determining — steps  limited  in  their  maximum 
efficiency  by  the  available  amount  of  the  relevant  catalyst  (carboxylase). 
A  [CCbJ-independent  “ceiling”  will  thus  be  imposed  on  the  rate  of  the  over¬ 
all  process,  which  will  be  determined  by  the  product  of  the  amount  of  the 
catalyst  available  and  the  average  time  a  catalyst  molecule  requires  to 
complete  the  desired  transformation. 

The  specific  form  of  the  corresponding  kinetic  equations  will  depend 
on  the  postulated  mechanism  of  the  catalytic  action,  and,  as  stated  above, 
we  have  at  present  no  reasons  to  favor  any  one  mechanism  among  the  sev¬ 
eral  compatible  with  our  general  knowledge  of  the  mechanism  of  enzymatic 
processes. 

As  an  illustration,  we  will  go  through  a  calculation  based  on  the  simple  mechanism: 


K 

(using  L as  in  Volume  I,  as  symbol  for  the  carboxylase). 
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able  quantity  of  the  enzyme  EA  we  can  derive  the  following  equations  for  the  steady 
state: 


(27.39)  [AC02]  =  XaA0[COj] 

(27.40)  P  =  nfc*K.A0[CO,]/ 

The  term  proportional  to  /c*[C02]  in  the  denominator  imposes  on  these  carbon  di¬ 
oxide  curves  an  “absolute  ceiling”  (i.  e.,  a  maximum  rate  independent  of  both  [C02]  and 
k*,  and  thus  of  /): 

(27.41)  PZl  =  nke  aE“A0 

(The  lower  index  refers  to  [C02],  the  upper  to  I. )  This  obviously  is  n  times  the  maximum 
possible  rate  of  carboxylation  according  to  the  mechanism  (27.36  and  27.37).) 

For  relative  saturation,  as  a  function  of  [CO2],  we  obtain: 


k*  K  k* 

i  +  iUCO,]  +  ^  [co2]  +  spgj, 


k*K  k* 

1  +  ^a[C02]  +  [C°2]  + 


(27.42) 


P/(PB»X 


-  P)  - 


1  +  (k*/kL  E°a) 


and  for  half  saturating  carbon  dioxide  concentration 

1 


(27.43) 


Vi 


[C02]  = 


k * 


+  1 


1  + 


k*Ke 
KJcL  E°, 


Ka  \KE°a 

which  reduces  itself  to: 

(27.44)  Vl[C°2]  =  1^Ke 
for  high  k*  values  (strong  light),  and  to: 

(27.45)  v*lCOs]  =  1/Aa 

f0r  10DependtaUgon  wither  K.  <  A'.,  or  vice  versa,  ./,[CO,]  will  shift  upwards  or  down¬ 
wards  with  increasing  light  intensity.  The  initial  slope  of  the  curves  (-7.40)  . 

/  dP  \  nk*K&Ao_ 

(27.46)  WlCalA  ”  1  -  ^/^EA 

The  reduction  in  rate  caused  by  Ea  deficiency  is,  by  comparison  of  (27.40)  with  (27.8): 


k* 


(27.46a)  /3  =  1  /  i  1  +  x  k 


/v„[CQ2]  +  1 

E Vk'm  'x  ^icoiTH, 


For  saturating  [C02]  values. 


(27.46b) 


0-1/U  + 


K 

E  APe*> 


•  a  -4  .  i.*  _  which  without  enzyme  deficiency 

and  is  thus  equal  to  M  for  a  light  intensi  v  r  .  ^  Generally,  the  saturation 

would  have  given  the  saturation  value  (equation  27.41). 
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level  is  reduced  from  nakeaE°AA0  to  (^7)  k-ftA*  Thus»  here  aSain>  the  effect  of 

the  limiting  process  becomes  felt  when  the  nonlimiting  rate  is  still  far  below  the  imposed 
“ceiling.” 


(d)  Nondissociable  AC(h  Compound.  The  Franck-Herzfeld  Theory 

So  far,  we  have  considered  the  carbon  dioxide  curves  as,  basically, 
ACO2  saturation  isothermals,  merely  distorted  by  slow  diffusion,  slow 
carboxylation  and  limited  quantity  of  the  carboxylase  EA.  An  alternative 
was  mentioned  several  times  before.  The  carboxylation  equilibrium  may 
lie  practically  completely  on  the  side  of  association,  and  the  effect  of  the 
factor  [C02]  on  the  rate  of  photosynthesis  may  be  due  entirely  to  kinetic 
phenomena,  such  as  the  limited  rates  of  diffusion  and  carboxylation.  The 
corresponding  kinetic  equations  can  easily  be  derived  from  the  more  general 
formulae  given  in  sections  b  and  c  by  putting  k'&  =  0,  i.  e.,  assuming  that 
the  rate  of  decarboxylation  is  negligible.  For  example,  if  the  carbon  di¬ 
oxide  limitation  comes  exclusively  from  slow  carboxylation  (while  the  sup¬ 
ply  of  carbon  dioxide  by  diffusion  is  ample),  we  can  start  directly  with  equa¬ 
tion  (27.31);  omitting  the  term  in  the  denominator  of  this  equation, 
we  obtain : 


(27.47)  P  =  nfc»Ao  [C02  ]k*  /  (At*  +  fca[C02]) 

(If  k*  <§;  &a[C02],  this  equation  is  reduced  to  P  =  nk* Ao  as  expected.) 
This  equation,  too,  represents  hyperbolic  carbon  dioxide  curves: 

(27-48)  T/(Pmax.  -  P)  =  ka[C02]/k* 

with  half  saturation  at: 


V,[C02]  =  k*JK 


(dP/d[  C02])o  =  nkaAo 


(27.49) 

and  the  initial  slope : 

(27.50) 

It  will  be  noted  that,  in  this  case,  all  carbon  dioxide  curves  make  the  same 
angle  with  the  [CO,]  axis,  independently  of  kf  (i.  e.,  of  the  light  intensity). 
Half  saturation,  on  the  other  hand,  occurs  at  [C02]  values  that  are  propor- 
ional  to  kr  (1.  e.,  increase  with  increasing  light  intensity). 

fectlh:r;r:h0dr  ?n  be  6Xtended’  t0  account  also  for  saturation  ef¬ 
fects  caused  by  limited  amount  of  the  carboxylating  catalyst  BA  e  a 

ly  ««>  '■  s 

(27.51)  p  =  nKJceJc* AoEi [C02 l/(^L6fc«aEi [C02 ]  +  KJc*  [C02]  +  k*) 

The  “absolute  ceiling”  of  this  family  of  hyperbolae,  approached  when  both 
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kr  and  [C02]  are  high,  is  the  same  as  in  formula  (27.41),  i.  e.,  equal  to  n 
times  the  maximum  rate  of  formation  of  AC02  by  reaction  (27.37). 

The  equation  of  the  individual  carbon  dioxide  hyperbolae  is: 

(27.52)  P/(Pm ax.  -  P)  =  (A:ea E°  +  fc*  )K.  [C02] /k* 

They  reach  half  saturation  at : 

(27.53)  vJC02]  =  k*/Ke(ke& E°a  +  k*r) 

and  have  the  following  initial  slope  (independent  of  k*,  and  thus  of  light 
intensity) : 

(27.54)  (dP/d  [C02])o  = 

The  assumption  of  a  stable  AC02  compound  was  used  by  Franck  and 
Herzfeld  (1941)  in  their  detailed  kinetic  theory  of  photosynthesis — the 
most  elaborate  to  be  found  in  the  literature.  The  rather  complex  chemical 
mechanism  on  which  the  kinetic  analysis  was  based  was  illustrated  by 
scheme  7.VA  in  Volume  I. 


It  would  have  been  inconvenient  for  Franck  and  Herzfeld  to  use  a  different  postu¬ 
late  concerning  the  stability  of  AC02,  because  they  assumed  that  the  cairier  is  associate  d 
not  only  with  carbon  dioxide  molecules,  but  also  with  seven  reduction  intermediates. 
To  consider  the  equilibrium  AC02  ^  A  +  C02  as  reversible,  while  postulating  a  firm 
attachment  to  the  same  carrier  of  the  reduction  intermediates,  would  have  meant  added 
mathematical  complications;  while  to  assume  a  different  reversible  association  equilib¬ 
rium  for  each  intermediate  (as  was  once  suggested  in  chapter  9)  would  have  been  still 
more  cumbersome.  Thus,  Franck  and  Herzfeld  chose  the  simplest  way  when  they  as¬ 
sumed  the  complexes  of  A  with  C02  as  well  as  with  all  seven  intermediates  to  be  practi¬ 
cally  undissociable  (except  by  light— a  complication  discussed  in  Vol.  I,  p.  167,  and  in 


Because  of  the  assumption  of  an  undissociable  complex,  the  derivation  of  Franck 
and  Herzfeld  contains  no  equivalent  of  section  o.  Since  they  did  not  take  into  accoun 
the  effects  of  slow  diffusion,  it  also  contains  no  equivalent  of  section  b.  The  aspects  ot 
the  carbon  dioxide  supply  problem  that  Franck  and  Herzfeld  did  consider 
phenomena  treated  in  section  c,  i.  slow  carboxylation,  caused  either  by  low  carbo 

rHnvirlp  roncentration,  or  by  carboxylase  deficiency. 

'  Their  treatment  of  these  two  effects  was  somewhat  different  from  that  given  in  sec¬ 
tion  c  because  they  postulated  a  different  mechanism  of  catalysis.  Instead  of  the  re 
tion  sequence  (27.36,  37),  Franck  and  Herzfeld  assumed  the  following  t  ree  reac  10ns. 


(27.55a) 


K 

C02  +  A 


AC02 


(formation  of  a  “loose  complex) 

(27.55b)  AC°2  +  Ea  — 

(catalyzed  formation  of  a  “stable  complex 


AC02  +  EX 

and  inactivation  ol  the  catalyst) 


1  JA 


(27.55c) 

(reactivation  of  the  catalyst) 
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Franck  and  Herzfeld  assumed  equilibrium  (27.55a)  to  be  established  practically 
instantaneously,  whereas  reaction  (27.55b)  was  assumed  to  have  a  finite  velocity,  and 
thus  to  be  capable  of  becoming  a  “bottleneck”  of  photosynthesis.  This  occurs  when 
either  the  substrate  concentration  [A-C02],  or  the  enzyme  concentration  [EK]  is  low, 
or,  more  generally,  when  the  product  of  the  two  concentrations  is  small.  According  to 

(27.55) ,  the  concentration  of  the  “loose”  complex  is: 

(27.56)  [A-C02]  =  K  [A][C02] 

(For  the  sake  of  consistency— cf.  equation  27.5— we  use  as  equilibrium  constant  the  in¬ 
verse  of  Franck  and  Herzfeld’s  K).  The  rate  of  the  bottleneck  reaction  (27.55b)  is: 

(27.57)  (d[AC02]/dt)  =  /ca  [A  •  C02  ]  [E  ]  =  &a/qA][C02][EA] 


We  assume — as  we  did  in  all  our  derivations  so  far — that  no  kinetic  factors  other  than 
those  connected  with  the  supply  of  carbon  dioxide  affect  the  rate  of  photosynthesis. 
Under  these  conditions,  the  equations  of  the  carbon  dioxide  curves  can  be  derived  by 
calculating  the  stationary  concentrations  [A]  and  [EAJ,  inserting  them  into  (27.57)  and 
then  calculating  the  stationary  concentration  [AC02]  by  equalizing  the  rate  of  production 
of  [AC02]  given  by  equation  (27.57)  and  the  rate  of  reduction  of  this  product  by  light. 

In  the  Franck-Herzfeld  theory,  all  carrier  molecules,  A,  may  be  considered,  for 
kinetic  purposes,  as  attached  to  a  molecule  of  the  sensitizer  (chlorophyll),  so  that  the 
substrate  molecules  bound  to  A  can  undergo  direct  photochemical  change;  putting  it 
more  cautiously,  only  those  A  molecules  are  taken  into  consideration  in  kinetic  equations 
that  are  attached  to  chlorophyll.  Their  total  number  can  be  designated  as  Ao.  Simi¬ 
larly,  all  chlorophyll  molecules  are  supposed  to  carry  acceptor  molecules,  A;  putting  it 
more  cautiously,  only  the  absorption  of  light  by  those  chlorophyll  molecules  that  are  as¬ 
sociated  with  A  is  taken  into  consideration.  We  designate  the  total  number  of  such 
molecules  as  Chl<>.  This  number  probably  can  be  reduced  by  certain  inhibitors,  such  as 
urethan  or  other  narcotics,  that  displace  the  acceptor  A  from  chlorophyll.  (The  same 
applies,  according  to  Franck,  to  “self-narcotization”  by  the  unfinished  product  of 
photosynthesis  to  which  reference  was  made  in  chapter  24.) 

In  Franck  s  picture,  the  rate  constant  kT  in  equation  (27.6)  can  be  written  as  k*I : 

(27-58)  P  =  ~n(d[AC02]/dt)  =  k*I[  AC02] 


Here,  /c*/[Ac°2]  is  the  rate  of  absorption  of  light  by  the  acceptor  A  in  combination 
with  C02,  k*  being  essentially  an  average  absorption  coefficient  of  the  specimen  under 
investigation.  The  factor  n  is  equal  to  1  in  the  Franck-Herzfeld  mechanism;  but  k*I 
is,  in  the  steady  state,  not  more  than  one  eighth  of  the  total  rate  of  absorption. 

If  one  assumes,  as  Franck  and  Herzfeld  did,  that  this  absorption  coefficient  is  the 
same  whether  chlorophyll  is  associated  with  AC02  or  with  any  of  the  seven  reaction 
intermediates  (c/.  scheme  7.VA),  then  in  the  steady  state  the  amounts  of  [AC02]  and 
of  seven  intermediates  must  all  be  the  same.  This  means  that: 

(27-59)  Aa  =  (  =  Chlo)  =  [A]  +  [A-C02]  +  8  [AC02] 

thG  ^™la;ble  qUantity  of  the  ^ceptor  A  bound  to  chlorophyll. 
Equalizing  (27.57)  and  (27.58),  we  obtain: 

(27’60)  (AC<^  =  (WM[EA][C02])/jfc*7 

be  ca,cu,ated  by  *•  *- 


(27.61) 


[Ea]  =  fc'E°/(A:a[A  -C02]  +  k;) 
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After  inserting  (27.61)  into  (27.60),  one  can  use  (27.56)  and  (27.59)  to  eliminate  [A]  and 
[A.C02]  and  to  obtain  the  desired  equation  for  [AC02]— and  according  to  (27.58)  also 
for  P — in  terms  of  [CO2],  Ao  and  E®.  Because  of  the  assumed  two-step  mechanism  of 
formation  of  [ACO2]  (with  the  loose  complex  A-C02  as  an  intermediate),  the  resulting 
equation  is  quadratic.  Its  solution — which  again  represents  a  family  of  hyperbolae — is 
a  rather  complex  expression,  and  we  do  not  need  to  quote  it  here. 

For  high  values  of  both  [C02]  and  I,  the  expression  for  P  approaches  asymptotically 
the  value: 

(27.62)  PSS:  =  nfcaA:'E°Ao/(A,aAo  +  K) 


(with  the  lower  index  referring  to  [CO2]  and  the  upper  to  I).  In  the  two  extreme  cases, 
when  either  k&Ao  K,  or  vice  versa,  expression  (27.62)  reduces  itself  either  to  nk\ E” 
(t.  e.,  the  maximum  rate  of  reaction  27.55c),  or  to  nAvE°A0  (the  maximum  rate  of  reaction 
27.55b). 

The  relations  are  much  simpler  if  the  rate  of  reaction  (27.55c)  is  assumed  to  be 
rapid  (compared  with  the  rate  of  photosynthesis  P),  so  that  [PA] '  is  practically  equal  to 
zero,  and  [EA]  to  E°.  In  this  case,  one  obtains  an  equation  containing  only  first 
power  of  P,  the  solution  of  which  is: 

(27.63)  P  =  kJCElA0[CO2]k*l/(k*l  +  k*IK[C02]  +  8  k*KK [C02] ) 


This  is  an  equation  of  a  family  of  hyperbolae  (with  I  as  parameter): 


(27.64) 


8  kaKEl\  rr,n  1 
~lc*I  /  lG°2] 


Half  saturation  (P  =  y2Pma*.)  is  reached  when: 

(27.65)  i/s[C02]  =  k*I/(Kk*J  +  8  k>KE°x)  =  -g  (x  +  (SkaE°A/k*I)) 

It  is  shifted,  with  increasing  light  intensity,  toward  the  higher  [C02]  values.  The  initial 
slope  of  the  curves  (27.63)  is: 

(27  66)  (dP/d  [C02]  )o  =  nkaKE\  Ao 

Because  in  formula  (27.55b),  the  formation  of  AC02  was  assumed  to  be  irreversible,  the 
slope  (27.66)  is  independent  of  light  intensity.  (In  other  words,  at  very  low  carbon  d.- 
oxide  concentrations,  all  AC02  formed  is  reduced  by  light,  whatever  the  intensity  of  the 
latter  )  Thus,  as  stated  before,  the  carbon  dioxide  curves  represented  by  equations 
such  as  (27.47)  or  (27.63)  have  more  pronounced  “Blackman  characteristics  than  the 

curves  obtained  with  the  assumption  of  a  dissociable  AC02  complex. 

CUrX"e  hypothesis  of  a  stable  association  of  the  acceptor  A  with  chlorophyll 

is  independent  ^ther  postuiates  of  the  "HerZ=y;  the  .atter  can  he 
combined  also  with  the  assumption  of  a  dissociable  AC02  complex. 


(e)  Back  Reactions  in  the  Photosensitive  Complex 

So  far  we  have  discussed  the  carbon  dioxide  curves  only  from  the  point 
So  far> we  „  dark  ocesses  at  the  “reduction  end”  of 

relarHie 1  infli^encer  of nthe° ^preparatory  reactions  at  the  “oxidation  end” 
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(such  as  the  possible  preliminary  enzymatic  binding  of  water)  as  well  as 
the  influence  of  “finishing”  reactions  (such  as  conversion  of  AHC02  to  a 
carbohydrate,  and  liberation  of  oxygen)  have  so  far  been  neglected;  while 
the  role  of  reactions  within  the  photosensitive  complex  proper  was  taken 
into  account  only  by  assuming  the  rate  of  reduction  of  AC02  to  be  equal 
to  the  product  fc*[AC02],  where  /c*  was  considered  a  function  of  the  illu¬ 
mination  intensity,  I.  No  new  source  of  carbon  dioxide  saturation  was 
added  by  this  assumption;  saturation  remained  determined  entirely  by 
the  four  factors  treated  in  detail  in  sections  a— d  (limited  quantity  of  A, 
slow  diffusion,  slow  carboxylation  and  limited  quantity  of  the  carboxylase, 

Ea). 

Obviously,  however,  carbon  dioxide  saturation  can  also  be  produced  by 
limitations  of  any  of  the  other  partial  reactions  in  photosynthesis.  For 
example,  insufficient  amount  of  a  catalyst  needed  for  the  preliminary  trans¬ 
formation  of  the  reductant  (H20,  H2,  H2S.  .  .)  might  have  the  same  “ceil¬ 
ing”  effect  on  the  carbon  dioxide  curves  as  the  limited  amount  of  the  en¬ 
zyme  (carboxylase)  that  catalyzes  the  preliminary  transformation  of  car¬ 
bon  dioxide  itself. 


Little  could  be  gained  by  trying  to  write  out  equations  for  carbon  di¬ 
oxide  curves  that  would  include  the  effect  of  a  limited  supply  of  the  reduc¬ 
tant.  On  the  other  hand,  a  few  words  may  usefully  be  said  about  the  in¬ 
fluence  on  the  carbon  dioxide  curves  of  a  limited  supply  of  light. 

The  kinetic  equations  that  follow  from  the  consideration  of  the  prob¬ 
able  forward  and  back  reactions  within  the  photosensitive  complex  proper 
will  be  derived  in  chapter  28  (p.  1020  ff.).  They  show,  as  expected,  that 
the  rate  of  absorption  of  light  by  this  complex  imposes  a  limit  on  the  rate  of 
photosynthesis  that  cannot  be  raised  by  increased  supply  of  carbon  dioxide 
(or  change  in  any  other  external  factor).  Consequently,  the  “light  factor” 
is  in  itself  capable  of  producing  a  saturation  effect  in  the  carbon  dioxide 
curves.  For  example,  if  we  consider  equation  (28.14),  derived  from  reac¬ 
tion  mechanism  (28.11),  as  an  equation  of  carbon  dioxide  curves  (i  e 
if  we  treat  I  as  a  parameter),  we  find  that,  at  high  [CO,]  values,  the  rate 
approaches  the  maximum: 


(27.67) 


P  max.  =  n&*/Chl0 


which  is  the  rate  of  supply  of  light  quanta  multiplied  by  the  number  n  of 

petl  7  HT  eTleStthat  ^  te  tranSt0™ed  by  *  —I- 

P  A.  Half  saturation  is  reached,  according  to  scheme  28.IA,  at: 


(27.68) 


./JACOJ  =  k'/kr 


One  could  thus  ask  whether  the  interpretation  of  carbon  dioxide  curves 
really  W  the  assumption  of  an  acceptor  A,  supposed  to 
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limited  quantities  and  carboxylated  by  a  slow  dark  reaction;  or  whether 
one  could  perhaps  explain  all  carbon  dioxide  saturation  phenomena  by  ref¬ 
erence  to  limited  supply  of  light.  The  occurrence  of  phenomena  such  as 
carbon  dioxide  “pick-up”  after  intense  photosynthesis  (Vol.  I,  page  206) 
provides,  however,  direct  evidence  that  a  dark  carboxylation  reaction  actu¬ 
ally  does  occur,  and  that  it  has  an  effect  on  the  rate  of  the  over-all  reaction 
of  photosynthesis.  On  the  other  hand,  it  is  undoubtedly  true  that  some,  at 
least,  of  the  carbon  dioxide  curves,  particularly  those  measured  in  weak 
light,  owe  their  hyperbolic  shape  entirely  or  preponderantly  to  the  limited 
rate  of  supply  of  light  quanta. 

Reaction  mechanism  (28. IA,  eqs.  28.20),  which  we  have  used,  provides 
that  the  reaction  of  the  primary  photoproduct,  HX-Chl-Z,  with  the  oxi¬ 
dant,  AC02  (rate  constant,  k,),  competes  with  the  “deactivating”  reaction 
that  converts  HX-Chl-Z  back  to  X- Chi- HZ  (rate  constant  k').  An  alter¬ 
native  mechanism  (28. IB,  eqs.  28.21)  also  is  discussed  in  chapter  28,  in 
which  the  “primary”  back  reaction  of  the  photoproduct,  HX-Chl-Z,  is 
eliminated  by  immediate  reaction  of  HX  •  Chi  •  Z  with  (free  or  bound)  water, 
converting  it  to  HX-Chl-HZ.  This  simplified  mechanism  will  be  used  in 
chapter  28  to  analyze  another  possible  kinetic  effect  within  the  photosensi¬ 
tive  complex — the  accumulation,  during  strong  photosynthesis,  of  the 
chlorophyll  complex  in  the  changed,  photoinsensitive  form  (HX-Chl-HZ  in 
the  mechanism  used).  In  deriving  equation  (28.14),  the  simplification 
[HX  •  Chi  •  Z  ]  [X  •  Chi  •  HZ  ]  —  Chl0  was  made ;  we  do  not  make  a  similar 
assumption  in  respect  to  HX-Chl-HZ,  but  postulate  that  the  reduced 
form  accumulates  and  brings  about  saturation  of  light  curves.  (W ith  in¬ 
creasing  light  intensity  more  and  more  chlorophyll  complexes  will  be  pres¬ 
ent,  in  the  steady  state,  in  the  photoinsensitive  form,  HX-Chl-HZd  This 
assumption  leads  to  equation  (28.27)  for  P  as  function  ol  I  and  AGO*]  -and 
to  equation  (28.28),  if  the  equilibrium  value  (27.3)  is  substituted  lor  [AC  A| 
in  (28.27).  Considering  (28.28)  as  equation  of  carbon  dioxide  curves  (/  - 
constant),  we  obtain  the  following  expressions  lor  these  curves. 

p  _  p  k*I 

(27.69)  “  Jb*/(1  +  Xa[C02] )  +  KKMCOg] 

1  (  k*I  \ 

(27.70)  ~  K\  \kM  +  k*l) 


Fouation  (27  70)  shows  that  the  half-saturating  carbon  dioxide  concentia 
tion  rises  with  increasing  light  intensity,  and  that  the  equilibnum  cons  ant 
/C  can  be  obtained  by  an  extrapolation  of  i/,[C02]to  ig  ig  in 
(linear  extrapolation  with  l/I  as  abscissa).  It  will  be  recalled  tha  m  th 
case  of  the  carbon  dioxide  supply  limitation  (cf.  equation  27^22  or  2W3) 
we  had  to  obtain  the  same  value  by  extrapolation  to  ow  ig  i 
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(7  =  0,  and  thus  k*  =  0).  We  will  return  to  the  evaluation  of  from  car¬ 
bon  dioxide  curves  in  section  g. 


(/)  Acceptor  11  Blockade” 

In  comparing  the  equations  obtained  in  the  preceding  sections,  with 
the  empirical  carbon  dioxide  curves,  one  has  to  keep  in  mind  that,  despite 
the  considerable  complexity  of  some  of  these  equations,  they  all  embody 
certain  simplifying  assumptions,  and  therefore  cannot  be  valid  except 
within  a  limited  range  of  conditions. 

The  only  kinetic  factors  taken  into  account  so  far  were  slow  diffusion 
of  carbon  dioxide,  slow  carboxylation  and  limited  quantities  of  the  acceptor 
A  and  of  the  carboxylase  EA.  In  section  c,  we  discussed  the  additional  com¬ 
plications  that  may  be  caused  by  the  deactivation  of  the  primary  photo¬ 
chemical  product,  HX  •  Chi  •  Z,  in  competition  with  its  reaction  with  AC02, 
or  by  the  accumulation  of  the  photosensitive  complex  in  the  reduced  form 
HX-Chl-HZ. 

A  single  slow  preparatory  dark  reaction  with  a  rate  proportional  to 
[C  02  ]  plus  the  limited  quantity  of  a  single  catalytic  agent  ( e .  g.,  EA,  A  or 
Chi)  could  suffice  to  account  for  the  increase  of  P  at  low  values  of  [C02], 
foi  the  individual  saturation  of  each  carbon  dioxide  curve  and  for  the  oc¬ 
currence  of  “absolute”  saturation  (i.  e.,  saturation  with  respect  to  both 
[C02]  and  7).  We  know,  however,  that  several  catalytic  steps  of  limited 
maximum  efficiency  play  a  part  in  photosynthesis;  and,  although  some  of 
these  steps  are  not  directly  associated  with  the  assimilation  of  carbon 
dioxide,  a  limitation  of  the  rate  of  the  over-all  reaction,  whatever  its  source 
must  be  reflected  in  the  shape  of  the  carbon  dioxide  curves,  particularly  in 
the  region  where  they  approach  “absolute  saturation.” 

In  Volume  I,  we  outlined  a  general  scheme  of  photosynthesis  that  in¬ 
cludes,  in  addition  to  preparatory  supply  reactions,  two  other  main  types  of 

reactions-  ^ated  with  the  conversion 
2 1*“:  Pr°dUCtS  mt0  Carb0hydrate  “d  ‘he  production 

naJ^sa ‘^HCoTcs0,  ^fi™‘ {^uction  Pr°d“«t  (which  we  will  now  desig- 
If  for  „  ,  ect  the  rate  of  Photosynthesis  in  various  ways 

beC  transformation 

considerabrCdoZ  I 
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of  the  oxidation  of  water,  such  as  A 'HO,  or  with  some  other  cellular  oxi¬ 
dants)  to  form  AC02  (or,  according  to  a  hypothesis  of  Franck,  A  +  C02). 
The  latter  possibilities  will  be  discussed  in  section  7e  of  chapter  28. 


We  will  briefly  consider  here  the  effects  of  the  “acceptor  blockade.”  The  conserva¬ 
tion  equation  (27.4)  must  in  this  case  be  replaced  by: 

(27.71)  A0  =  [A]  +  [AC02]  +  [AHC02] 

Assuming  that  the  restoration  of  the  acceptor  is  a  monomolecular  process 

k[ 

(27.72)  AHC02 - >  A  +  HC02 

we  can  write  the  equations  for  the  stationary  concentration  of  AC02  and  (assuming  the 
validity  of  27.6)  also  for  the  rate  of  photosynthesis.  Taking  the  simplest  case — that 
discussed  in  section  a  (carboxylation  equilibrium  undisturbed  by  slow  diffusion  or  slow 
carboxylation) — we  obtain : 


(27.73) 


P  = 


nA0/va[CO2]  k* 


1  +  A\[C02] 


(27.74) 


Ka[  C02] 


./.[CO*]  = 


(27.75) 


1  + 


The  carbon  dioxide  curves  (27.73)  are  thus  hyperbolae  the  half  saturation  of  which  is 
shifted,  with  increasing  light  intensity,  toward  the  lower  concentrations  of  carbon  dioxide 
(a  shift  opposite  to  that  caused  by  slow  diffusion  or  slow  carboxylation;  and  apparent  y 
not  encountered  in  experimental  curves).  Because  of  the  occurrence  in  the  denomina¬ 
tor  of  (27.73)  of  the  product  AflCO,],  the  rate  cannot  exceed  the  absolute  maximum  . 

(27.76)  P “  =  n*‘A* 

i.  e.,  n  times  the  maximum  rate  of  restoration  of  the  acceptor  according  to  (27.72). 

(g)  Calculation  of  Carboxylation  Constant  from  Carbon  Dioxide  Curves 

If  one  wants  to  use  the  carbon  dioxide  curves  for  the  determination  of 
the  carboxylation  constant  as  was  done  in  chapter  8  (V ol.  I),  one  shouh 
avoid  the  region  of  “absolute  saturation,”  and  determine  systematically, 

"d  .ill,  .  hi  deg*  ol  the  eortoh  "  7.,”*™ 

the  yield  ,.  ...ill  ptohoaio-n  » d 

enough  for  such  an  analysis. 
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Among  the  characteristics  of  the  various  theoretical  equations  derived 
above  for  the  carbon  dioxide  curves,  which  might  be  used  for  comparison 
with  the  experiment,  are  the  relations  between  half-saturating  carbon  di¬ 
oxide  concentration  and  light  intensity  (cf.  equations  27.12,  17,  22,  33,  44, 
45,  49,  53,  65,  and  75),  and  between  the  initial  slope  and  light  intensity 
(equations  27.11,  18,  23,  34,  46,  50,  54  and  66). 

The  value  of  i/,[C02]  is  independent  of  k*  (i.  e.,  of  light  intensity)  and 
equal  to  l//ia  only  to  the  extent  to  which  the  carbon  dioxide  curves  are 
proportional  to  the  saturation  curves  of  the  AC02  complex  (eq.  27.12). 
It  has  been  suggested  by  some  that  this  assumption  is  legitimate  whenever 
the  carbon  dioxide  curves  are  found  to  be  hyperbolic.  Thus,  Burk  and 
Lineweaver  (1935),  having  satisfied  themselves  that  the  carbon  dioxide 
curves  of  Warburg,  Harder,  James,  van  der  Paauw,  and  Emerson  and 
Green  (Table  27.1)  follow  the  hyperbolic  saturation  law,  proceeded  to 
calculate  from  them  the  carboxylation  constants  Ka  and  obtained  values 
ranging  from  1  X  10-6  to  10  X  10_,i  l./mole  (at  room  temperature).  The 
corresponding  free  energies  of  carboxylation,  A F&(=  RT  loge  7va)  are  be¬ 
tween  —  6.9  and  —8.3  kcal/mole. 

It  was  mentioned  on  page  908  that,  according  to  Whittingham  (1949), 
the  half-saturating  C02  concentration  of  Chlorella  is  shifted  down  to  0.5 
or  1.0  X  10-6  mole/1,  if  care  is  taken  to  avoid  inhibition  phenomena  at 
low  C02  concentration,  by  allowing  2-3  hour  induction  period  (if  the  cells 
were  grown  in  high  [C02])  or,  still  better,  by  using  cells  grown  in  low  [C02] 
(e.  g.,  in  air). 


The  heat  of  carboxylation  also  was  estimated  by  Burk  and  Lineweaver.  From  the 
absolute  rate  values  found  by  Emerson  and  Arnold,  at  6°  and  24°  C.  in  flashing  light, 
they  calculated  A H&  =  1.3  to  6.2  kcal/mole.  However,  Table  8. VIII  shows  that  the 
fixation  of  carbon  dioxide  by  organic  molecules  is  accompanied— as  is  natural  in  reactions 
in  which  small  molecules  are  attached  to  larger  ones — by  a  decrease  in  entropy,  —  T  AS 
being  as  large  as  +8  or  even  +16  kcal/mole  at  room  temperature.  Thus,  if  —  A F  of 
carboxylation  is  7-8  kcal/mole,  -  A H  should  be  of  the  order  of  15-20  kcal— considerably 
larger  than  the  estimate  of  Burk  and  Lineweaver. 


Our  derivations  in  sections  b,  c  and  d  show  that  the  carbon  dioxide 
curves  may  be  strongly  affected  by  slow  diffusion,  or  slow  carboxylation, 
without  losing  the  hyperbolical  shape.  Equations  (27.17,  22  and  33)  show 

w  fj7vW°^to"  °aUSe  'a1C°21  t0  increase  Unearly  increasing 
I  ght  intensity  The  constant  K.  can  in  this  case  be  obtained  by  linear  ex- 

topo'at'on  of  y,[C02]  to  7  -  0.  Figure  27.9  shows  that  the  data  of 
Harder,  Hoover  and  co-workers,  and  Smith  (compare  Table  27  I)  extra¬ 
polated  in  this  way  g,ve  v,CO,  values  in  the  neighborhood  of  5  XHM 

kcl"5  *  Va'UeS  °f  ab°Ut  2  X  10’  ^ponding  to  AF  =  7.9 
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However,  the  linear  extrapolation  procedure  is  not  always  reliable. 
While  slow  diffusion  and  slow  carboxylation  tend  to  shift  the  half-saturat¬ 
ing  concentration  upward  with  increasing  light  intensity,  other  influences, 
such  as  the  “acceptor  blockade”  (equation  27.75),  or  the  deficiency  of 
catalysts,  may  shift  it  downwards.  Equation  (27.43)  shows,  for  example, 
that  a  limited  amount  of  the  carboxylase  EA  may  cause  1/JCO2]  either  to 
increase  or  to  decrease  with  increasing  light  intensity,  depending  on  whether 
Ke  is  smaller  or  larger  than  K&.  In  this  case,  extrapolation  of  i/,[C02]  to 
zero  light  intensity  should  still  give  the  correct  value  of  K&,  but  systematic 
data  will  be  needed  to  make  the  required  nonlinear  extrapolation  possible. 


Fig.  27.9.  Extrapolation  of  1/JCO2]  to  /  -  0. 


Finally  under  certain  conditions  the  value  of  1/JCO2]  may  have  no  rela- 
tion  to  the  carboxylation  constant  at  all.  This  is  obviously  true  if  the 
ACOj  complex  is  practically  undissociable.  Equation  (27.49),  foi  ex 
ample,  contains  only  the  kinetic  constants  fc.  and  {?.  Similarly,  m  sec  ion 
e  where  we  postulated  that  the  carbon  dioxide  saturation  is  caused  by 
“detautomerization”  of  the  photocomplex  HX  Chl  Z  equation  j27.6S) 
showed  ,/,[COs]  to  be  a  function  of  the  kinetic constant*,  a  , 

To  sum  up,  the  constant  1/A.  may  be  »  ./,[COJ  01  «  ,/,l  h 

and  the  carbon  dioxide  curves  may  nevertheless  be  hyperiioke. 
observations  of  the  "pick up”  and of 

in  favor  of  a  reasonably  stable  AC02  complex  ana  m  8 

Pnnsenuentlv  the  above  calculated  value  ol  Aa  (~  u  X  m 

PT/  and  "r  AF  -7  9  kcal/mole)  are  to  be  considered  as  upper, 
mole/1.)  and  oi  •  /  a  TOo  complex  is  either  as 

rather  than  lower,  limits;  ...  other  words,  the  ACO,  comp.e. 
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stable  as  or  even  more  stable  than  indicated  by  these  values.  We  recall 
that  in  chapter  8(Vol.  I)  a  compilation  of  experimental  data,  showed  the 
known  free  energies  of  carboxylation  of  compounds  of  the  type  of  (RH  T- 
Cq2  RCOOH)  to  be  about  + 10  kcal/mole.  It  was  also  mentioned  that 
Ruben  had  suggested  attributing  the  extraordinary  stability  of  the  AC02 
compound  in  photosynthesis  to  a  coupling  of  carboxylation  with  an  exer- 
gonic  transphosphorylation — the  transformation  of  a  “high  energy”  into 
a  “low  energy”  phosphate  ester.  Another  explanation  of  the  same  type 
would  be  to  assume  the  coupling  of  carboxylation  with  a  parallel  or  con¬ 
secutive  exergonic  oxidation-reduction,  a  coupling  that  actually  occurs  in 
the  uptake  of  carbon  dioxide  catalyzed  by  certain  enzymes  derived  from 
yeast  and  bacteria  (as  described  by  Lipmann  and  Tuttle  1945;  see  also 
Ochoa  1946). 

There  is  one  obvious  experiment  by  which  the  carboxylation  constant 
derived  from  the  carbon  dioxide  curves  of  photosynthesis  could  be  checked 
— precise  measurements  of  the  carbon  dioxide  uptake  in  the  dark  as  a  func¬ 
tion  of  the  concentration  [C02]  in  the  medium.  This  could  be  done  by 
means  of  radioactive  carbon,  or  by  ordinary  analytical  methods.  So  far, 
no  such  measurements  have  been  made.  The  observations  of  Ruben  and 
co-workers  (c/.  Yol.  I,  chapter  8)  seem  to  indicate,  however,  that  the  com¬ 
plex  AC02  is  dissociated  in  vacuum,  albeit  very  slowly,  and  thus  possesses 
a  finite,  although  perhaps  very  small,  dissociation  pressure  (c/.,  however, 
chapter  36  for  the  interpretation  of  C ^measurements). 


(h)  Are  Experimental  Carbon  Dioxide  Curves  Hyperbolae? 

It  will  be  noted  that  all  theoretical  carbon  dioxide  curves  discussed  in 
this  chapter  were  hyperbolae.  Smith  (1937)  analyzed  the  empirical  car¬ 
bon  dioxide  curves  and  concluded— in  contrast  to  Burk  and  Lineweaver 
(1935)— that  many  of  them  reach  saturation  more  rapidly  than  a  hyperbola 
approaches  its  asymptote.  He  has  therefore  attempted  to  obtain  a  better 
analytical  representation  of  the  carbon  dioxide  curves  by  changing  the  ex¬ 
ponents  in  equation  (27.9).  The  empirical  equation: 

(27>77)  P/V PLX.  -  P2  =  K[COf] 

was  found  by  him  to  fit  satisfactorily  his  own  results,  as  well  as  those  of 
\\  arburg,  Emerson  and  Green,  and  Hoover,  Johnston  and  Brackett  In 
he  saturation  region,  where  (Pmax.  -  P )  «  P,  equation  (27.77)  should  not 
differ  much  from  the  simpler  quadratic  relationship: 

(27’78)  P/(P max.  -  P)  =  /T[C02p 

"s:  asr.  '■'* 
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(27-79)  (Pmax.  ~  P)/P max.  =  e  ~ 

(analogous  to  Mitscherlich’s  and  Baule’s  revised  formulations  of  Liebig’s  “minimum  law” 
of  fertilization).  A  similar  formulation  was  suggested  by  Brackett  (1935): 

(27.80)  P  =  const.  e-(lC0l]_(P/b)+c| 

The  correction  term  P/b  in  the  exponent  was  intended  to  account  for  the  fact  that  the 
carbon  dioxide  curves  approach  asymptotically,  at  low  [CO2]  values,  a  straight  line  with 
a  finite  slope  rather  than  the  axis  of  ordinates.  The  correction  term  c  was  attributed  to 
respiration.  The  exponential  as  a  whole  was  supposed  to  represent  the  “true  amount 
of  C02  available  at  the  site  of  photosynthesis” — the  first  two  terms  describing  the  supply 
by  diffusion  from  outside,  and  the  third  that  by  respiration.  The  occurrence  of  a  con¬ 
centration  factor  in  the  exponent,  unusual  in  reaction  kinetics,  was  associated  with 
Beer’s  law  of  light  absorption.  However,  since  carbon  dioxide  is  not  the  light-absorbing 
species  in  photosynthesis,  it  is  not  clear  why  its  concentration  should  appear  in  the  ex¬ 
ponent,  and  the  equation  of  Brackett  (as  well  as  that  of  Harder)  is  not  likely  to  represent 
more  than  an  empirical  approximation  formula  fitting  some  of  the  experimental  results. 

If  it  is  true,  as  asserted  by  Smith  (1937)  that  the  carbon  dioxide  curves 
definitely  cannot  be  represented  by  hyperbolae,  the  question  arises  as  to 
what  could  cause  their  deviation  from  the  hyperbolic  form,  and  lead  to  a 
more  sudden  saturation.  It  is  easy  to  show  that  the  relation  between  P 
and  [CO*],  which  was  expressed  by  quadratic  equations  in  the  several  cases 
when  two  reaction  steps  were  assumed  to  lead  from  the  external  carbon  di¬ 
oxide  to  the  complex  ACO2,  will  be  represented  by  a  cubic  equation  if  a 
third  intermediate  process  is  added  (e.  g.,  B  +  AC02— >  BC02  +  A;  BC02  + 
lioht  products  — >  photosynthesis).  Since  the  equation  representing 
[BC02]  as  a  function  of  [CO*]  will  contain  higher  powers  of  [BC02],  but 
only  the  first  power  of  [C02],  the  carbon  dioxide  curves  will  deviate  from 
hyperbolae  in  the  direction  of  a  slower  (rather  than  of  a  more  rapid)  ap¬ 
proach  to  saturation. 

An  obvious  way  to  obtain  carbon  dioxide  curves  that  approach  satui  a- 
tion  more  rapidly  than  hyperbolae  is  to  assume  carboxylation  equilibria 
involving  two  (or  more)  carbon  dioxide  molecules,  e.  g., 

K 

(27.81)  2  CO,  +  A  MCO,), 


nC02  +  Av 


±  A(CO*)» 


or  more  generally : 

(27.82)  -  ■  k, 

A'  a 

In  this  case  the  thermodynamic  carboxylation  equilibrium  condition  (as¬ 
suming  that  the  several  carbon  dioxide  molecules  in  the  complex  are  mde- 

pendent  of  each  other)  is: 

(27>83)  [A(C02)n]  =  /v„Ao[C02]n/(l  +  A\[CO,]") 
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consequently: 

(27.84) 


[A(C02)»] 

[A(C02)"W.  -  [A(UO*)] 


A'.[C02]» 


One  may  use  this  derivation  as  starting  point  for  speculations  in  which 
the  “condensation”  of  carbon  dioxide  into  a  Cn  compound  (perhaps,  with 
n  =  3  or  6)  is  assumed  to  be  achieved,  not  after  photochemical  reduc¬ 
tion  (or  between  successive  photochemical  reduction  steps),  but  already 
in  the  preliminary,  nonphotochemical  carboxylation  stage.  One  could 
quote  in  this  connection  the  observations  of  Van  Rysselberghe  and  co¬ 
workers  (1946),  who  found  indications  that  carbon  dioxide  is  reduced,  at 
the  cathode  of  a  polarograph,  after  preliminary  formation  of  a  polymeric 
adsorption  complex  containing  six  C02  molecules. 

Studies  of  the  Hill  reaction  (chapter  35)  and  of  the  C(14)  uptake  in 
light  (chapter  36)  indicate  three  possible  additional  complications  of  the 
kinetics  of  carbon  dioxide  uptake  in  photosynthesis: 

( 1 )  There  may  be  several  carboxylations  involved,  e.g.,  one  of  the 
C2  — >  C3  and  one  of  the  C3  — »  C4  type.  Since,  in  the  steady  state,  both 
must  proceed  at  the  same  rate,  this  complication  may  not  change  the 
kinetic  derivations  too  radically.  When,  for  some  reason,  one  carboxyla¬ 
tion  becomes  a  rate-limiting  step,  the  other  must  be  slowed  down  too,  by 
the  blocking  action  of  its  accumulated  products. 

(2)  Carboxylation  may  be  coupled  with  hydrogenation  (“reductive 
carboxylation,’  typified  by  direct  conversion  of  pyruvic  to  malic  acid,  and 
already  mentioned  on  p.  937).  In  other  words,  reaction  (27.2),  instead 
of  being  kinetically  independent,  may  be  combined  with  the  first  step  in 
(27. 5 A).  This,  too,  should  not  necessarily  change  the  kinetic  derivations 
in  a  radical  way,  since  “coupling”  probably  means  a  fast  sequence  of  two 

leaction  steps,  perhaps  catalyzed  by  two  active  groups  in  the  same  protein 
molecule. 

(3)  The  acceptor,  A,  may  be  a  product  of  photosynthesis,  disappearing  in 
the  dark.  This  would  make  A0  a  function  of  the  rate  of  photosynthesis, 

F,  and  would  necessitate  reconsideration  of  the  kinetic  equations  based  on 
a  constant  value  of  Ao. 


B.  Carbon  Dioxide  Concentration  and  Fluorescence* 

In  chapter  24,  when  discussing  the  fluorescence  of  chlorophyll  in  the 

tensflvtf  7  ment‘°ned  tt;C  t'ose  relati«nship  often  found  between  the  in- 

becauseofthis^|CtnCernd,nhe  ^  °f  photosynthesis:  we  stated  that., 
important  tl  ™eas«'™ent  of  fluorescence  has  become  an 

portant  tool  in  the  study  of  the  kinetics  of  photosynthesis.  Conse- 

*  Bibliography,  page  963. 
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quently,  we  proposed  to  review  the  effects  of  various  external  factors  on  the 
intensity  of  chlorophyll  fluorescence  in  vivo  parallel  with  the  presentation 
of  the  influence  of  these  factors  on  the  rate  of  photosyn thesis. 

In  following  this  plan,  we  have  now  to  describe  the  changes  in  the  in¬ 
tensity  of  fluorescence  of  living  plant  cells,  associated  with  variations  in  the 
supply  of  carbon  dioxide. 

The  general  finding  appears  to  be  that  reduction  or  complete  stoppage 
of  the  carbon  dioxide  supply  usually  affects  the  yield  of  fluorescence,  p,  in 
a  certain  range  of  illuminations.  It  has  no  effect  on  the  yield  of  fluorescence 
in  very  weak  light;  and  probably  also  none  in  very  strong  light,  but  the 
latter  generalization  is  in  need  of  experimental  confirmation.  In  purple 
bacteria,  the  commonly  observed  increase  of  p  upon  removal  of  carbon  di¬ 
oxide  sometimes  gives  place,  with  increasing  light  intensity,  to  the  opposite 
effect  (c/.  fig.  28.30).  Since  no  systematic  measurements  of  p  for  variable 
[C02]  have  been  carried  out,  the  plotting  of  “carbon  dioxide  curves”  of 
fluorescence,  F  =  /[C02],  is  not  possible.  Instead,  “light  curves”  have 
been  drawn,  showing  the  intensity  of  fluorescence  as  a  function  of  light 
intensity ,  with  [C02]  as  a  parameter,  usually  for  two  different  concentra¬ 
tions  of  carbon  dioxide  only  (or  simply  “with  carbon  dioxide”  and  “with¬ 
out  carbon  dioxide”).  Several  such  curves  will  be  reproduced  in  chapter 
28  (c/.  figs.  28.25,  28,  29  and  30). 

We  anticipate  here  some  of  the  facts  to  be  presented  there:  The  yield 
of  fluorescence,  p,  generally  remains  constant  (pi)  up  to  or  beyond  the 
intensity  region  in  which  photosynthesis  becomes  saturated  with  light; 
but  sooner  or  later,  it  increases  more  or  less  gradually,  finally  to  reach  a  new 
steady  level,  p2.  We  designate  the  intensity  at  which  the  transition  begins, 
as  and  that  at  which  it  ends,  as  7".  The  effect  of  removal  of  carbon  di¬ 
oxide  appears  to  be  a  downward  shift  of  this  transitional  range.  Thus, 
McAlister  and  Myers  (1940)  found  that  in  4%  C02,  the  yield  of  fluorescence 
of  wheat  leaves  was  constant  up  to  GOO  kerg/(cm.*  X  sec.)  (kerg  =  103  erg) 
while,  in  0.03%  C02,  the  yield  increased  (by  about  15  20%)  between 

and  GOO  kerg/(cm.2  X  sec.)  (c/.  fig.  28.25). 

Similarly,  Franck,  French  and  Puck  (1941)  found  that  the  steady  stae 

fluorescence  of  a  leaf  of  Hydrangea,  at  /  =  7  kerg/cm.’  was  about  2°% 
higher  in  carbon  dioxide-free  air  than  in  air  containing  5%  Cft.  At  71 
keru/cm  1  sec.,  on  the  other  hand,  the  yield  of  fluorescence  in  5%  CO,  had 
increased  so  st'rongly  that  now  a  change  to  0.03%  CO,  had  no  noticeable 

^Working  with  a  culture  of  diatoms  (NiUeMa  *PO.W««mk^dKe»ten 
, .  Q ,  - ,  f  im(j  the  yield  of  fluorescence  in  intense  light,  50  keig/cm. 

te  iS  in  the  absence  than  in  the  presence  of  carbon  dioxide.  Figure 
28.28  indicates  that,  in  this  case,  the  difference  is  brought  about  b>  a 
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dine  of  <p  in  the  carbon  dioxide-supplied  algae,  rather  than  by  an  increase 
of  ip  in  the  carbon  dioxide-starved  cells  (as  in  figs.  28.25  and  28.30A). 

Wassink,  Katz  and  Dorrestein  (1942)  noticed  a  similar  effect  of  carbon 
dioxide  deficiency  on  the  yield  of  fluorescence  in  purple  bacteria;  however, 
the  change  was  much  less  pronounced  than  that  caused  by  the  lationing  oi 
denial  of  the  reductants  ( cf .  below,  section  D2).  In  the  absence  of  a  ieduc- 
tant,  (a  condition  that  cannot  be  paralleled  in  green  plants),  the  removal  of 
carbon  dioxide  had  no  effect  at  all  on  the  fluorescence  of  Chromatium  (cf. 
fig.  28.29).  In  the  presence  of  reductants  (such  as  thiosulfate  or  hydrogen), 
the  fluorescence  of  carbon  dioxide-starved  bacteria  was,  however,  con¬ 
siderably  stronger  than  that  of  carbon  dioxide-supplied  cells  (cf.  fig.  28.30A). 
This  difference  occurred  in  the  range  from  2  to  30  kerg./cm.2  sec.  At  light 
intensities  above  30  kerg,  the  fluorescence  curves  with  and  without  carbon 
dioxide  again  approached,  and  finally  even  crossed  each  other,  so  that  <p 
became  higher  in  the  absence  than  in  the  presence  of  carbon  dioxide.  In 
other  words,  fluorescence  was  now  higher  when  photosynthesis  was  pos¬ 
sible  than  when  it  was  suppressed!  (This  is  a  good  illustration  of  the  fact 
that  the  relation  between  photosynthesis  and  fluorescence  is  not  a  simple 
competition;  cf.  page  826.) 

In  chap.  28  we  will  discuss  several  possible  explanations  of  the  change 
in  intensity  of  chlorophyll  fluorescence  in  strong  light.  One,  is  to  attrib¬ 
ute  this  change  to  the  accumulation  of  the  photocomplex,  X- Chi -HZ 
(a  complex  of  primary  oxidant  -f-  chlorophyll  -f-  primary  reductant) 
in  a  changed  form  due  to  the  incapability  of  the  catalytic  dark  reactions  to 
keep  pace  with  the  primary  photochemical  process.  The  changed  forms 
of  the  photocomplex  can  have  a  different  fluorescence  yield,  first,  because 
they  are  photostable  (i.  e.,  cannot  undergo  the  primary  photochemical 
photoprocess  (e.  g.,  X- Chi -HZ  ^  XH-Chl-Z),  and,  secondly ,  because  they 
have  an  intrinsically  different  capacity  for  dissipating  the  excitation  energy. 
An  alternative  or  additional  cause  is,  according  to. Franck,  the  forma¬ 
tion  (>f  a  narcotizing”  substance,  by  reaction  of  excess  oxidation  inter¬ 
mediates  with  metabolites;  this  narcotic  displaces  the  reactants  from  the 
photocomplex  and  thus  causes  changes  in  the  yield  of  fluorescence. 

Absence  of  carbon  dioxide  slows  down  the  restoration  of  the  primary 
oxidant,  HX  or  AC02,  after  it  has  been  reduced  by  light.  It  must  thus 
avor  the  accumulation  of  the  photocomplex  in  a  form  such  as  HX  •  Chi  •  Z 
or  X  •  (  hi  -  HZ,  and  this  accumulation  will  find  its  expression  in  a  change 
(usually  an  increase)  in  the  yield  of  fluorescence. 

bnnFianCk|  and  ?GrZfeld  (1941)  were  inclined  to  consider  the  effect  of  car¬ 
bon  dioxide  on  fluorescence  of  plants  as  proof  that  carbon  dioxide  (in  the 

form  of  a  compound  with  an  acceptor,  AC02)  is  a  direct  part  of  the  photo¬ 
sensitive  complex  (i.  e.,  that  X  in  X- Chi -HZ  is  identical  with  AC02) 
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It  was  argued,  however,  in  Volume  I  (page  167)  that  AC02  and  X-  Chi  HZ 
can  be  separated  by  intermediate  oxidation-reduction  systems,  and, 
nevertheless,  an  exhaustion  of  AC02  may  cause  an  accumulation  of  the  pri¬ 
mary  oxidant,  X,  in  the  form  HX,  and  consequent  change  in  the  intensity 
of  fluorescence.  (A  strike  of  longshoremen  in  America  can  cause  tin  ore  to 
accumulate  at  the  pit  heads  in  the  East  Indies.) 

Fluorescence  observations  on  purple  bacteria  produced  newr  evidence 
bearing  upon  the  relation  of  carbon  dioxide  to  the  fluorescent  pigment 
complex. 

Wassink,  Katz  and  Dorrestein  (1942)  were  strongly  impressed  by  the 
above-mentioned  observation  that  changes  in  the  concentration  of  re- 
cluctants  affect  the  fluorescence  of  purple  bacteria  more  strongly  than 
changes  in  the  concentration  of  the  oxidant  (C02),  and  that  the  former  ef¬ 
fect  persists  in  the  absence  of  carbon  dioxide,  while  the  latter  disappears 
when  reductants  were  absent.  They  concluded  that  carbon  dioxide  does 
not  come  into  (direct  or  indirect)  energy  exchange  with  excited  chlorophyll 
at  all,  and  that  the  excitation  energy  is  taken  up  (directly  or  indirectly) 
by  the  reductants  (H2S,  H2S203,  H2  .  .  .  in  purple  bacteria,  H20  in  green 
plants).  They  thought  that  the  small  observed  effects  of  C02  on  fluores¬ 
cence  are  without  real  significance — an  unjustifiable  simplification. 

Franck  and  his  co-workers  (1947,  1949),  on  the  other  hand,  interpreted 


the  enhancing  effect  of  the  absence  of  reductants  on  the  chlorophyll 
fluorescence  of  purple  bacteria  as  an  indirect  action  caused  by  accumula¬ 
tion  of  unreduced  oxidation  intermediates  of  photosynthesis  (“photoper¬ 
oxides”),  and  narcotization  of  the  chlorophyll  apparatus  by  the  products 
of  action  of  these  peroxides  on  cell  metabolites.  Using  this  picture,  they 
gave  the  following  interpretation  of  the  effect  of  [C02]  on  yield  of  fluoi- 
escence,  its  variability  with  light  intensity,  and  its  disappearance  in  the 

absence  of  reductants  (in  purple  bacteria). 

Lowering  the  C02  concentration  has  an  effect  on  the  yield  of  fluorescence 
if  it  makes  the  rate  of  photosynthesis  [C02]-limited.  When  this  is  the 
case  the  chlorophyll  complex  becomes  free  (depleted  ol  the  oxidan  , 
AC02),  and  light  energy  absorbed  by  it  cannot  be  used  for  the  primary 
photochemical  process.  This  itself  should  change  the  yield  of  fluorescent  e 
(p  941).  However,  Franck  considers  this  “denudation”  effect  as  of  minor 
importance,  as  far  as  fluorescence  is  concerned  compared  to  the  se 
narcotization”  which  follows  it.  .He  postulates  that  whenever  the  photo 
sensitizer  complex  is  deprived  of  carbon  dioxide,  photomdahm  sets  in  ( /■ 
Vol.  I,  chapter  19),  and  produces  a  “narcotizing”  intermediate  (piob. 

c»  pnrboxvlic  acid)  wdiich  settles  on  chlorophyll. 

This  mechanism  cannot  come  into  play  in  purple  bacteria  since  ie 
are  Studied  under  anaerobic  conditions;  this  explains  why  carbon  diox  d 
deprivation  has  a  comparatively  slight  effect  on  fluorescence  ,n  these 
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organisms.  The  deprivation  of  reductants,  on  the  other  hand,  has  a  strong 
effect,  because  abundant  “narcotic’ : ’  is  produced  in  light  by  the  action  of 
accumulated,  unreduced  photoperoxides. 

One  may  ask:  why,  then,  should  the  fluorescence-stimulating  effect 
of  the  deficiency  of  reductants  persist  also  in  the  absence  of  carbon  di¬ 
oxide?  No  photoperoxides  should  be  formed  under  these  conditions. 
Franck  explains  this  paradox  by  questioning  the  efficiency  with  which 
CO2,  produced  by  fermentation,  is  removed  in  these  experiments.  He 
points  out  that  some  hydrogen  is  taken  up  by  purple  bacteria  in  light  even 
if  no  extra  carbon  dioxide  is  provided  in  the  medium.  (Incidentally,  fer¬ 
mentation  could  produce  “narcotizing”  acids  also  directly — and  not  via 
the  reduction  of  the  fermentation-produced  carbon  dioxide  in  light.) 
Removal  of  external  carbon  dioxide  may  have  no  effect  on  fluorescence  in 
the  absence  of  reductants,  because  enough  CO2  is  produced  by  fermenta¬ 
tion  to  prevent  the  photochemical  process  from  becoming  “  [C02]-limited”; 
instead,  it  remains  “[reductant]-limited”  (i.  e.,  its  rate  and  the  concentra¬ 
tion  of  the  narcotic — and  thus  also  the  intensity  of  fluorescence — remain 
limited  by  the  rate  of  the  reaction  between  the  photoperoxides  and  the 
reductants). 

It  will  be  noted  that  Franck’s  concept  differs  from  the  first  picture 
(presented  on  p.  941)  in  3  ways:  (/)  the  ultimate  oxidant  itself,  AC02, 
rather  than  an  intermediate,  X,  is  supposed  to  be  coupled  with  chlorophyll ; 
{2)  no  ultimate  (or  intermediate)  reductant,  ZH,  is  supposed  to  be  asso¬ 
ciated  with  chlorophyll,  in  such  a  way  that  its  depletion,  too,  can  cause  an 
increase  in  the  yield  of  fluorescence;  and  (3)  all  strong  changes  in  the  yield 
of  fluorescence  are  ascribed  to  narcotization  by  “half-oxidized”  metabolites, 
rather  than  to  the  depletion  of  reactants.  These  three  assumptions  are  in¬ 
dependent  of  each  other;  the  third  one,  in  particular,  which  is  perhaps  the 
most  important  feature  of  Franck’s  interpretation,  can  be  combined,  if 
desired,  also  with  the  picture  of  the  primary  photochemical  process  as  light- 
induced  tautomerization  of  the  complex  X  •  Chi  •  HZ  ( — — >  HX  Chi  Z) 

C.  Concentration  of  Reductants* 


1. 


Effect  on  Rate  of  Carbon  Dioxide  Reduction  in  Bacteria 


"''ima‘e  ”duc.tant  ordinary  photosynthesis  of  green  plants  is 
vater.  The  activity  of  water  in  the  cells  can  be  changed  by  direct  hydra- 

pressuTe  Both?0'?  “T'l i'mmerSion  into  soluti°ns  of  different  osmotic 
pressure.  Both  treatments  have  a  considerable  effect  on  photosynthesis 

thls  effect  cannot  be  treated  as  a  kinetic  phenomenon' obeying 
*  Bibliography,  page  963. 
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the  mass  action  law,  since  it  is  related  to  changes  in  permeability  and  other 
colloidal  properties  of  the  protoplasm  and  the  cell  membranes,  which  af¬ 
fect,  to  a  varying  degree,  all  activities  of  the  living  cell.  Dehydration  ef¬ 
fects  were  therefore  discussed  in  chapter  13  (Volume  I,  page  333),  where 
we  dealt  with  various  physical  and  chemical  inhibitions  and  stimulations 
of  photosynthesis. 

It  was  mentioned  there  (page  334)  that  one  of  the  ways  in  which  de¬ 
hydration  may  inhibit  photosynthesis  is  by  its  influence  on  the  stomata. 
Since  the  primary  purpose  of  the  stomata  is  to  regulate  transpiration,  they 


Fig  27  10  Effect  of  hydrogen  pressure  on  rate  of  hydrogen  assimilation  by 
Streptococcus  various  (after  French  1037).  114  mm.’  cells.  Incandescent  lamp, 

below  conical  vessels;  25°  C.;  argon  +  5%  CO*;  rate  in  95%  H,  =  100. 


naturally  close  upon  dehydration  (by  an  increase  in  osmotic  pressure  in 
the  guard  cells;  cf.  page  912).  In  this  way,  the  reduction  in  the  activity 
of  one  of  the  reactants  in  photosynthesis  (water)  may  result  in  the  mtei- 

ruption  of  the  supply  of  the  other  reactant  (carbon  dioxide). 

A  more  favorable  opportunity  for  quantitative  kinetic  study  arises 
when  hydrogen,  hydrogen  sulfide >  thiosulfate  or  other  inorganic  or. 01Sa™ 
substances  replace  water  in  the  role  of  the  reductant  >eactmg  with^rbon 
dioxide  in  purple  bacteria  or  so-called  adapted  algae  (  /.  •  ,  P 

5  “tore  27.10  (after  French  1937)  shows  the  effect  of  changes  in  the 
concentration  of  ***.  «  SJt 

+  +H,0.  The  “hydrogen 
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curve”  has  the  same  typical  “saturation  shape”  as  the  curves  representing 
the  rate  of  photosynthesis  as  function  of  carbon  dioxide  concentration; 
half  saturation  is  reached  at  ca.  20  mm.  (2.5%)  H2,  full  saturation  above 
75  mm.  (10%).  Wassink  et  al.  (1942)  found,  with  Chromatium  in  nitrogen 
containing  5%  C02,  no  signs  of  hydrogen  saturation  up  to  about  2%  (c/.  fig. 
27. 11  A);  single  experiments  at  higher  pressures  indicated  that  saturation 
was  reached  probably  at  about  10%,  certainly  below  15%.  (ihe  rates  at 
15%  and  30%  H2  were  identical.)  These  hydrogen  concentrations  are 
approximately  100  times  higher  than  those  required  for  saturation  of  photo¬ 
synthesis  with  carbon  dioxide  (about  0.03%  C02  is  needed  for  half  satura¬ 
tion).  In  analogy  with  the  interpretation  of  carbon  dioxide  saturation, 


AMOUNT  OF  HZ/VESSEL,  mm3 

Fig.  27.11.  Rate  of  carbon  dioxide  reduction  by  Chromatium  (after  Wassink  1942): 
(A)  effect  of  [H*];  (B)  effect  of  [H2S].  5%  C02  in  N2;  pH  6.3;  29°  C.;  strong  light. 


given  in  the  first  part  of  this  chapter,  the  simplest  explanation  of  hydrogen 
saturation  is  to  assume  reversible  formation  of  a  hydrogen  acceptor  com¬ 
pound,  with  a  dissociation  constant  of  the  order  of  0.02  atmosphere  (as 
compared  with  3  X  10  4  atmosphere  for  the  carbon  dioxide  acceptor  com¬ 
pound).  rhermodynamically,  reversible  hydrogenation  (i.  e.,  hydrogena¬ 
tion  with  energy  close  to  zero)  presents  no  difficulties,  since  the  free  energies 
of  hydrogenation  of  organic  compounds  can  be  either  positive  or  negative, 
depending  on  the  degree  of  resonance  stabilization  of  the  individual  com- 
pound  m  the  hydrogenated  and  the  dehydrogenated  form  {cf.  Vol.  I  page 
7).  Kmetically,  however,  the  problem  is  less  trivial,  since  in  vitro ,  no 
example  is  known  of  organic  compounds  behaving  like  metallic  palladium 

akmg  Uf  hydroSen  under  high  pressure  and  releasing  it  when  the 
pressure  is  reduced. 


Quantitatively,  the  results  of  French  with  Streptococcus  various  and  of 
that  the  l"!t  ‘  mahum  a,'e  Slmilar  enough  to  justify  the  suggestion 

cel,  ?! ,r  i?Ttrceror  ,s  the  t*  in  both  spedcs-  ™s  «*- 

1  may  he  either  the  enzyme  hydrogenase,  or  the  compound,  desig- 
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nated  in  chapter  6  by  An  ( i .  e.,  the  compound  assumed  there  to  be  hydro¬ 
genated  to  AhH2  by  the  mediation  of  the  hydrogenase). 

However,  in  interpreting  the  hydrogen  saturation  of  photoreduction, 
one  has  to  keep  in  mind  that  hydrogenation  equilibrium  is  only  one  of  the 
two  possible  explanations.  As  in  the  case  of  the  carbon  dioxide  curves, 
the  hydrogen  curves  may  also  be  affected — or  completely  determined — by 
kinetic  influences,  such  as  slow  rate  of  hydrogen  supply  and  slow  hydrogena¬ 
tion  (in  the  linearly  ascending  part),  and  limitations  of  light  supply,  of 
oxidant  supply,  Dr  of  the  availability  of  a  catalyst,  in  the  horizontal  part  of 
the  curves,  which  follows  saturation. 


Fig.  27.12.  Thiosulfate  concentration  and  rate  of  photo¬ 
reduction  of  carbon  dioxide  in  Chrornatium  (after  Wassink, 
Katz  and  Dorrestein  1942):  5%  C02;  pH  6.3;  29  C.;  strong 
light. 


Wassink  (1942)  made  reaction  rate  studies  on  the  same  organism,  Chro- 
malium,  also  with  varying  concentrations  of  gaseous  hydrogen  suljide  as  re- 
ductant.  As  shown  in  figure  27.11B,  the  (initial)  rate  was  fount  o  e 
proportional  to  [H2S]  up  to  about  2%  (in  nitrogen) ;  no  signs  of  saturation 
were  noticeable  in  the  investigated  range  of  concentrations.  Higher  doses 
of  hydrogen  sulfide  could  not  be  used  because  of  rapid  poisoning. 

The  influence  of  the  concentration  of  thiosulfate  as  reductant  was  also 
studied  on  Chrornatium.  Eymers  and  Wassink  (1938)  first  found I  the ^ate 
to  be  constant  between  0.16  and  2%  thiosulfate,  indicating  that  *he  sa 
rating  concentration  was  <0.16%.  More  detailed  measurements  were 
made  by  Wassink,  Katz  and  Dorrestein  (1942),  who  determmed  a  complete 
“thiosulfate  curve,”  P  =  /  [thiosulfate]  reproduced  ^  “  * 

shows  full  saturation  near  0.5%  and  ha  f  saturation  a  little  below  0.  % 
thiosulfate  (corresponding  to  0.06  mole  Na2S203/l.). 
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As  with  variable  [C02],  the  effect  of  variations  in  the  concentration  of 
the  reductants  disappears  in  weak  light  when  the  supply  of  light  quanta 
becomes  the  rate-determining  factor  ( cf .  fig.  28. 5B). 

Photoreduction  with  mixed  reductants  offers  an  interesting  kinetic 
problem.  Wassink,  Katz  and  Dorrestein  (1942)  conducted  some  experi¬ 
ments  in  which  Chromatium  cells  were  supplied  with  both  hydrogen  and 
thiosulfate  (at  pH  6.8).  They  used  each  reductant  “in  excess”  (meaning 
that  the  quantity  of  each  alone  would  have  sufficed  to  produce  saturation) 
and  calculated  (indirectly,  from  manometric  measurements)  the  relative 
amounts  in  which  the  two  reductants  were  consumed.  The  average  was 
about  two  molecules  of  carbon  dioxide  reduced  at  the  cost  of  thiosulfate 
for  one  molecule  of  carbon  dioxide  reduced  at  the  cost  of  hydrogen.  If 
the  two  acceptor  systems  (for  H2  and  H2S2O3)  are  separate,  this  result  may 
mean  either  that  the  cells  contain  twice  as  much  of  the  thiosulfate  acceptor 
system  as  of  the  hydrogen  acceptor  system,  or  that  the  first  acceptor  re¬ 
acts  (in  the  hydrogenated  state)  twice  as  rapidly  with  the  activated  photo¬ 
complex  as  the  second  one.  On  the  other  hand,  if  only  one  hydrogen  ac¬ 
ceptor  is  present,  and  the  two  donors  compete  in  supplying  it  writh  hydro¬ 
gen,  then  the  result,  as  reported,  is  not  very  significant,  since,  in  this  case, 
the  relative  utilization  of  hydrogen  and  thiosulfate  would  depend  on  rela¬ 
tive  concentrations  (even  if  both  reductants  are  present  “in  excess” — the 
only  information  provided). 

In  chapter  22,  we  mentioned  the  spectroscopic  experiments  of  the  same 
investigators  that  made  them  think  that  the  composition  of  the  photocom¬ 
plex  X  •  Bchl  •  HZ  (Bchl  =  bacteriochlorophyll)  may  itself  be  specific  for 
each  reductant,  i.  e .,  that  bacteria  contain  a  multiplicity  of  complexes. 


the  multiplicity  and  varying  relative  intensities  of  the  absolution  bands  of 
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the  deficiency  of  a  “finishing”  catalyst  such  as  EB.  Whenever  this  is  the 
case,  the  rate  of  photoreduction  cannot  be  increased  by  increasing  the  avail¬ 
able  quantity  of  the  reductant  or  by  adding  a  second  reductant  and  thus  put¬ 
ting  to  work  the  (otherwise  idle)  photocomplexes  specifically  adapted  to  it. 

In  kinetic  work  with  purple  bacteria,  one  has  to  keep  in  mind  their 
capacity  to  utilize  organic  materials- — including  intercellular  ones — as  re- 
ductants.  Competition  rather  than  additivity  seems  to  be  the  rule  in  this 
case  too.  The  “sigmoid”  shape  of  the  light  curves  of  hydrogen  consump¬ 
tion,  noted  both  by  French,  with  Streptococcus  varians,  and  by  the  Dutch 
observers,  with  Chromatium  (cf.  figs.  28.8),  can  perhaps  be  interpreted  as  a 
consequence  of  such  competition:  In  weak  light,  intracellular  reductants 
(perhaps  sugars  or  their  derivatives)  supply  all  the  hydrogen  necessary  for 
the  slowly  proceeding  photoreduction  of  carbon  dioxide,  and,  therefore, 
only  very  little  external  hydrogen  is  used.  In  stronger  light,  the  diffusion 
supply  of  internal  hydrogen  donors  proves  insufficient,  and  the  more 


rapidly  diffusing  molecular  hydrogen  takes  over  as  the  main  reductant. 

To  minimize  the  role  of  internal  reductants,  and  thus  to  obtain  light 
curves  without  a  sigmoid  initial  section,  Wassink  (1942)  has  attempted  to 
starve  the  bacteria  before  the  experiment;  however,  he  found  no  significant 
change  in  results 


The  experimental  material  on  the  “reductant 


curves”  of  photoreduc¬ 


tion  is  as  yet  rather  limited  and  no  attempts  have  been  made  to  lepiesent 
these  curves  analytically.  If  one  accepts  the  general  scheme  ot  photo¬ 
synthesis  given  in  scheme  7.1  (Vol.  I,  page  153),  the  kinetic  lole  of  the  le- 
ductants  appears  symmetrical  to  that  of  carbon  dioxide.  An  analytical 
treatment  of  the  effect  of  reductants  on  the  over-all  rate  would  thus  have  to 
deal  with  the  same  type  of  partial  processes  as  were  treated  in  the  analysis 
of  the  carbon  dioxide  factor,  namely,  supply  by  diffusion,  preparatory 
catalytic  dark  reactions  (such  as  binding  of  hydrogen  by  an  acceptor  with 
the  help  of  the  hvdrogenase) ,  liberation  of  the  acceptor  from  the  primary 
oxidation  product,  and  “finishing”  dark  reactions  (such  as  stabilization  of 
the  primary  oxidation  product).  According  to  Francks  concept,  re¬ 
peatedly  mentioned  before,  the  finishing  dark  reactions  on  the  oxidation 
side  (which  consist  in  the  elimination  of  the  primary  oxidation  produc  s 
“photoperoxides” — either  by  their  conversion  to  molecular  oxygen  or  y 
their  reduction  with  reductants  such  as  hydrogen  or  hydrogen  sulfide 
have  the  peculiar  property  that  their  failure  to  keep  pace  with  the  primary 
photoprocess  leads  not  merely  to  the  loss  of  a  large  proportion  of  pnmary 

products  by  back  reactions  but  also  to  a  reaction  between  them  and  o«d,. 
able  metabolites.  This  side  reaction  produces,  according  to  1  ranch  a 
“narcotic,”  capable  of  enveloping  chlorophyll  and  stopping  e  pi  mu  , 


photochemical  process, 
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The  question  whether  the  participation  of  water  as  reductant  in  photo¬ 
synthesis  involves  some  preliminary  transformations  similar  to  those  of 
carbon  dioxide  remains  open.  The  abundance  of  water  in  all  cells  may  be 
advanced  in  favor  of  the  convenient  assumption  that,  even  if  a  transforma¬ 
tion  of  this  kind— e.  g.,  hydration  of  a  “water  acceptor” — is  needed  before 
water  can  act  as  a  hydrogen  donor,  the  rate  of  this  reaction  is  high  enough 
to  prevent  it  from  playing  a  limiting  role  in  photosynthesis.  However,  if 
the  binding  of  water,  which  we  have  symbolized  by  H20  — *  [H20]  in 
scheme  7.1,  and  which  we  may  now  describe  by  the  equation: 

(27.87)  H20  +  A'  ,  -=±  A'H20 

in  analogy  to  equation  (27.2),  is  an  enzymatic  process,  the  limited  amount 
of  the  enzyme  (particularly  in  an  appropriately  inhibited  state)  may  well 
become  a  rate-limiting  factor,  despite  the  overabundance  of  the  reactant 
H20  in  the  cell. 


2.  Effect  on  Yield  of  Fluorescence 


Hydration  anti  dehydration  of  plant  cells  have  a  strong  influence  on  the 
intensity  of  chlorophyll  fluorescence  in  vivo;  but  in  this  case,  as  in  that  of 
gas  exchange,  it  is  difficult  if  not  impossible  to  distinguish  between  the 
(undoubtedly  possible)  direct  kinetic  effects,  and  the  indirect  disturbances 
caused  by  changes  in  the  colloidal  structure  of  the  pigment-protein-lipide 
complex.  e  must  therefore  refer  here  to  the  description  of  the  relevant 
phenomena  in  chapter  24. 


The  study  again  becomes  much  more  fruitful  when  purple  bacteria  are 
used.  The  supply  of  reductants,  such  as  H2,  H2S  or  H2S203,  has  been  found 
to  strongly  affect  the  yield  of  fluorescence  of  bacteriochlorophyll  in  these 
organisms.  the  light  curves  of  fluorescence  given  in  figs.  28.31,  28.32  and 
28.33  (taken  from  the  work  of  Wassink,  Katz  and  Dorrestein  1942,  on 
Chromatium)  illustrate  this  phenomenon.  The  plots  represent  the  fluores¬ 
cence  intensity,  F,  (not  yield,  *>)  as  a  function  of  the  incident  light  intensity 
/  with  the  concentration  of  the  reductant,  [HR],  as  parameter.  Figure 
28.3  shows  the  comparative  effect  of  three  different  reductants;  figure 
,  ;.a  set  ()1  measurements  with  different  concentrations  of  thiosulfate- 

28  33  a  ,similar  with  different  hydrogen  pressures  In’ 
ho  h  eases,  increased  concentration  of  tl.e  reductant  causes  an  extension 

“ low  |S”’  vM 7  Tfl  °‘  ‘he  fluorescence  °"rve  ("  hich  corresponds  to  the 
in n.'  !»r  rT  i  ol,  flllorescence.  *»)•  Figure  28.34  shows  the  critical 

tration^the  fig'  28'27)  as  a  function  of  the  thiosulfate  concen- 

clnuigc  curve  M  12)*  **  «- 

t  g.  U.U).  It  shows  that  deprivation  of  the  reductant  can 
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lower  the  beginning  of  the  transitional  range  from  11  to  2  kerg/cm.a  sec. 

In  discussing  the  yield  of  photosynthesis  in  relation  to  the  factor  [C02], 
we  repeatedly  encountered  effects  attributable  to  the  exhaustion  of  the 
molecular  species  C02  in  the  immediate  neighborhood  of  the  plants;  this 
disturbance  could  be  reduced  (a)  by  buffering  with  bicarbonate,  (6)  by 
using  unicellular  algae,  to  increase  the  surface  of  gas  exchange  and  (c)  by 
stirring.  With  hydrogen,  the  solubility  of  the  gas  in  water  is  much 
smaller  than  that  of  carbon  dioxide,  and  no  buffering  is  possible;  there¬ 
fore,  exhaustion  effects  can  be  expected  to  occur  even  more  easily,  and 
could  perhaps  not  be  fully  avoided  even  with  unicellular  organisms,  such 
as  purple  bacteria.  Intense  stirring  is  the  only  help  available;  the  com¬ 
paratively  rapid  diffusion  of  hydrogen  in  water  may  help  to  maintain  uni¬ 
form  distribution.  Wassink  and  co-workers  (1942)  have  observed  that, 
in  the  presence  of  15%  H2  in  the  gas  phase,  the  fluorescence  of  Chromatium 
in  strong  light  soon  rapidly  increased  by  25-20%  (about  one  minute) 
after  the  cessation  of  shaking  (fig.  28.33  would  make  even  a  larger  increase 
easily  understandable) . 

According  to  the  Dutch  authors,  the  influence  of  [C02]  on  the  fluores¬ 
cence  of  bacteria  disappears  if  the  supply  of  reductants  is  stopped  (fig. 
28.29).  Inversely,  however,  the  effect  of  reductants  on  fluorescence  re¬ 
mains  considerable  even  if  carbon  dioxide  is  withheld  (c/.  fig.  28.35). 
Wassink  and  co-workers  interpreted  this  difference  as  confirmation  of  their 


general  concept  that  the  reductants  participate  directly  as  “energy'  accep¬ 
tors”  in  the  photochemical  process,  while  carbon  dioxide  does  not  react 
with  the  primary  photoproduct  at  all.  Franck  and  Herzfeld,  on  the  other 
hand,  assumed  direct  participation  of  carbon  dioxide  (in  the  form  of  a  com¬ 
plex,  AC02)  in  the  primary  photoprocess  and  quoted  the  effect  ol  caibon 
dioxide  removal  on  fluorescence  as  evidence  of  this  participation  (c/. 
above,  page  941),  while  ascribing  the  (much  stronger)  effect  of  the ^ ab¬ 
sence  of  reductants  to  the  indirect  mechanism  of  “self-narcotization  in 
consequence  of  accumulation  of  unreduced  “photoperoxides.”  Later 
(cf.  page  942),  Franck  suggested  that  the  effect  of  CO,  deficiency  also  is 
due  mainly  to  narcotization  (caused  by  the  products  of  photoxidation). 

Without  using  the  concept  of  narcotization,  we  can  explain  the  effects 
of  reductants  on  the  basis  of  the  picture  of  a  “photocomplex,  X -Chi  HZ, 
which  undergoes  primary  photochemical  conversion  to  HVC1  -Z,  ^ 

lowed  by  dark  reactions  that  transfer  H  from  X  to  CO,,  and  supply  H 
to  Z  from  H,0  (or  from  one  of  the  “substitute”  reductants,  such  as  H,  or 

H°los)  While  CO,  starvation  may  lead 

complex  in  the  “reduced”  form,  such  as  HX- Chi;  HZ  the  absence  o 
ductants  may  lead  to  the  accumulation  of  the  oxidized  form  XChl I  Z, 
hen  both  CO,  and  the  reductants  are  deficient,  the  tautomeric  form,  HX- 


INORGANIC  IONS 


951 


Chi  •  Z,  may  be  accumulated  in  strong  light.  Each  of  the  four  forms  should 
have  its  own  characteristic  yield  of  fluorescence,  limited  by  the  rate  of 
internal  energy  dissipation  and,  in  the  case  of  the  normal  form  X-  Chi  HZ, 
also  by  the  competition  of  fluorescence  with  the  primary  photoprocess 
(X- Chi  HZ  +  hv  — >  HX-Chl-Z).  The  conditions  under  which  the  three 
forms  can  be  expected  to  predominate  in  strong  light,  are  summarized  in 
the  following  table. 


- - - ■ 

Conditions  of  accumulation 

Form 

Formula 

Oxidant  (CO2)  Reductant 

Tautomeric 

HX-Chl-Z 

—  — 

Reduced 

HX-Chl-HZ 

+ 

Oxidized 

X-Chl-Z 

+ 

Which  form  will  be  accumulated  in  the  presence  of  very  strong  light 
when  both  the  oxidant  and  the  reductant  are  in  good  supply  (case  ++) 
cannot  be  predicted  a  priori ,  since  this  will  depend  on  which  of  the  supply 
processes  first  fails  to  keep  pace  with  the  primary  photoprocess. 

If  the  influence  of  carbon  dioxide  deprivation  on  fluorescence  is  due  to 
the  accumulation  of  the  form  HX-Chl-HZ,  while  the  effect  of  “RH  starva¬ 
tion”  is  caused  by  accumulation  of  the  form  X-Chl-Z,  the  absence  of  an 
effect  of  carbon  dioxide  in  RH-starved  cells  can  be  interpreted  as  evidence 
of  a  similarity  in  the  fluorescent  capacity  of  the  forms  HX-Chl-Z  and  X- 
Chl-Z  (or,  perhaps  as  indication  that  in  the  absence  of  both  carbon  dioxide 
and  reductant,  the  complex  accumulates  in  the  same  form  X-Chl-Z,  as  in 
the  absence  of  reductants  alone). 

As  mentioned  on  page  943,  Franck’s  hypothesis,  that  all  strong  in¬ 
creases  of  fluorescence  are  evidence  of  narcotization  of  the  chlorophyll  com¬ 
plex,  is  not  incompatible  with  the  interpretation  of  the  primary  photo¬ 
chemical  process  as  hydrogen  transfer  in  the  complex,  X .  Chi .  HZ ;  it  only 
implies  that  the  differences  in  the  capacity  for  fluorescence  of  the  various 
forms  of  this  complex  (X- Chi  HZ,  HX-Chl-Z,  X-Chl-Z,  and  HX-Chl-- 

HZ)  are  less  significant  than  that  between  all  of  them  and  the  “narcotized” 
form. 


D.  Concentration  of  Inhibitors* 

1.  Inorganic  Ions 

The  effect  of  the  hydrogen  ion  concentration  on  photosynthesis  was  dis¬ 
cussed  in  chapter  8  (Vol.  I),  and  also  in  the  first  part  of  the  present  chapter 
from  the  point  of  view  of  the  correlated  shifts  of  the  carbonate-bicarbonate- 
*  Bibliography,  page  963. 
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caibon  dioxide  equilibrium.  What  we  wanted  to  know — and  did  not  quite 
succeed  in  finding  out  was  whether  the  rate  of  photosynthesis  is  deter¬ 
mined  uniquely  by  the  concentration  of  free  carbon  dioxide  molecules, 
[C02],  in  the  immediate  surroundings  of  the  cell,  or  whether  the  carbonic 
acid  ions  also  contribute  to  photosynthesis  directly  (and  not  merely  because 
they  serve  as  a  reserve  for  rapid  replacement  of  neutral  carbon  dioxide 
molecules).  One  of  the  complicating  factors  was  that  a  change  in  [HC03-] 
at  constant  [CO2]  could  not,  and  cannot  be  achieved  without  a  change  in 
[OH-],  i.  e.,  a  variation  of  the  pH ;  and  while  some  algae,  such  as  Chlorella, 


Fig.  27.13.  Effect  of  pH  on  carbon 
dioxide  reduction  with  thiosulfate  by 
Chromatium  (after  Wassink,  Katz  and 
Dorrestein  1942):  5%  CO2;  1%  thio¬ 

sulfate;  29°  C.;  strong  light. 


Fig.  27.14.  Influence  of  pH  on  rate  of 
carbon  dioxide  reduction  by  Chromaiium 
with  hydrogen  (5%  C02,  15%  H2)  (after 
Wassink,  Katz  and  Dorrestein  1942). 


are  capable  of  efficient  photosynthesis  over  a  wide  range  of  acidities  (say 
from  pH  4.5  to  10),  this  does  not  prove  that  the  observed  changes  in  rate 
can  be  attributed  entirely  to  variations  of  [C02]  and  not  to  variations  of 
pH.  Some  unicellular  algae  (e.  g.,  Hormidium )  are  definitely  injured  by 

alkThT  observations  in  this  field,  described  in  Volume  I  (pages  339-340) 
can  now  be  supplemented  by  the  results  of  Wassink  ^  and  Dorrestem 
(1942)  with  purple  bacteria.  When  reductants  such  as  thiosulfate  01  hy¬ 
drogen  sulfide  (or  inhibitors  such  as  cyanide)  are  used,  the  pH  effect  is  com- 
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plicated  by  changes  in  the  ionic  dissociation  of  these  weak  acids  (in  addition 
to  the  complications  caused  by  the  dissociation  of  carbonic  acid). 

Figure  27.13  shows  the  effect  of  pH  on  carbon  dioxide  reduction  by 
Chromatium  in  1%  thiosulfate.  The  curve,  obtained  in  phosphate  buffers, 
shows  a  slight  maximum  ol  P  at  pH  6.3,  followed  by  a  sharp  decrease.  The 
effect  disappears  at  low  light  intensities  (as  do  all  effects  not  connected 
with  the  primary  photoprocess).  With  hydrogen  as  reductant,  the  effect 
was  quite  different  (fig.  27.14);  the  rate,  P  (in  strong  light),  increased 
steadily  with  increasing  alkalinity. 


I'lg.  27.15.  Effect  of  pH  on  fluorescence  of  Chromatium  (after  Wassink,  Katz  and 
Dorrestein  1942):  (A)  5%  C02,  1%  thiosulfate,  29°  C.,  strong  light-  (B)  5%  CO, 
15%  H„  25°  C,  strong  and  weak  light.  '  /0  2’ 


One  factor  that  may  contribute  to  the  decline  of  P  with  increased  pH  in 
thiosulfate  is  the  decrease  in  concentration  of  undissociated  H2S203  mole¬ 
cules;  this  may  be  the  main  species  that  penetrates  the  cells  and  is  used 
there  as  the  reductant.  According  to  figure  27.12,  at  1%  thiosulfate,  the 
concentration  of  the  reductant  is  not  a  “limiting”  factor  at  pH  6  3  Whether 
It  coul.l  become  such  a  factor  when  alkalinity  is  higher,  remains  to  be  inves- 

1  he  imease  in  /’  with  pH,  as  observed  with  hydrogen  as  reductant 
coidil  perhaps  be  looked  upon  as  new  evidence  of  the  direct  participation 
HCO,  ions  in  photosynthesis  if  one  were  inclined  to  give  weight  to 
MIC  1  evidence.  Alternatively  and  more  plausibly,  both  the  decline  of  P 
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with  pH  in  the  case  of  thiosulfate,  and  its  increase  in  the  case  of  hydrogen, 
could  be  interpreted  as  evidence  of  different  pH  dependence  of  the  enzy¬ 
matic  processes  by  which  the  two  reductants  are  supplied  to  the  photo¬ 
complex. 

The  influence  of  pH  on  the  fluorescence  of  bacteriochlorophyll  also  was 
studied  by  Wassink  and  co-workers.  With  thiosulfate,  the  fluorescence 
was  about  30%  more  intense  at  pH  7.6  than  at  pH  6.0  (fig.  27.15A),  a  re¬ 
sult  that  may  be  attributed  to  a  lower  supply  of  effective  reductant  (un¬ 
dissociated  H2S2O3).  As  expected,  the  trend  is  reversed  with  hydrogen 
(fig.  27.15B),  where  the  enzymatic  supply  of  the  reductant  appears  to  be 
better  in  the  more  alkaline  solution. 

The  effects  on  the  rate  of  photosynthesis  of  various  other  inorganic  ions 
also  were  described  in  chapter  13.  The  only  systematic  data,  showing  the 
rate  in  relation  to  the  concentration  of  the  inhibiting  ion,  were  obtained  by 
Greenfield  (1941,  1942);  some  of  his  curves  were  reproduced  in  figure  34 
(Vol.  I,  page  341).  Among  new  results  pertinent  to  this  field  we  may  quote 
the  observations  of  Warburg  and  Liittgens  (1946)  that  the  reduction  of 
quinones  by  broken  chloroplasts  in  vitro  requires  the  presence  of  chloride 
ions  (cf.  Chapter  35). 


2.  Poisons  and  Narcotics 

In  chapter  12  (Volume  I)  we  discussed  the  influence  of  various  inhibitors 
on  the  rate  of  photosynthesis  in  a  qualitative  way,  although  some  quantita¬ 
tive  data  also  were  given,  such  as  a  curve  showing  the  rate  of  oxygen  libera¬ 
tion  by  Chlorella  as  a  function  of  the  concentration  of  phenylurethan  (fig. 
30,  page  323).  Systematic  kinetic  study  should  include  also  rate  measure¬ 
ments  with  varying  amounts  of  poisons,  and  some  such  measurements 
have  recently  been  reported,  particularly  by  W  assink,  Katz  and  Donestein 
(1942).  These  investigators  found  that  the  photoreduction  of  carbon  di¬ 
oxide  by  purple  bacteria  (Chromatium  D)  is  as  sensitive  to  cyanide  as  is 
the  photosynthesis  of  Chlorella.  With  thiosulfate  as  reductant,  some  in¬ 
hibition  was  observed  even  in  weak  light,  such  as  2  kerg/(sec.  cm.2),  while 
in  reduction  with  molecular  hydrogen  (as  in  normal  photosynthesis),  the 
cyanide  effect  disappeared  completely  in  weak  light,  I  <  4  kerg/(sec.  cm.-). 
Wassink  and  Kersten  (1945)  found  a  considerable  effect  of  hydrogen  cya¬ 
nide  also  on  the  photosynthesis  of  diatoms  in  weak  light  (~2  kerg/sec. 
cm.2),  a  result  which  differs  from  many  observations  on  green  algae  and 

hlgF?gure  27.16  shows  the  relation  between  P  and  [KCN],  in  Chromatium 
(with  hydrogen  or  thiosulfate  as  reductant)  and  in  Nitzschia  Photo- 
synthesis  of  Chromatium  is  half-inhibited  by ^abont  2.5  X .  10" 

KCN  (with  either  hydrogen  or  thiosulfate).  1  he  pH  ■  •  ) 

feet  on  inhibition  in  thiosulfate,  but  none  in  hydrogen,  which  makes  the  a 
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tribution  of  its  effect  to  a  difference  in  the  activity  of  HCN  molecules  and 
CN“  ions  (cf.  Vol.  I,  page  301)  doubtful.  Figure  27.1GB  shows  that  photo¬ 
synthesis  of  Nitzschia  is  half-inhibited  by  about  1.5  X  10~3%  or  about  2  X 
10-6  mole/1.  KCN.  For  similar  figures  for  Chlorella,  Hormidium  and  other 

algae,  see  Table  12. V  (Vol.  I,  page  305). 

The  effect  of  cyanide  on  the  steady  fluorescence  of  Chromatium  is  shown 
in  figure  28.45.  It  is  somewhat  complex,  but,  in  general,  amounts  to  an 
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(after  Wassink  and  Kersten  1944). 


increase  of  F  at  the  lower  light  intensities,  and  a  decrease  at  the  higher  light 
mtenshies  and  is  thus  reminiscent  of  the  effect  of  carbon  dioxide  starvation 

IKCN'/fif  ton'  K  ■  1  he  analog-v  18  supported  by  the  observation  that 
IM  N],  like  [CO,],  has  no  effect  on  F  in  the  absence  of  reductants  (except 

lenresCei  a"0nsi>>  °'°1%  KCN- where  the  fluorescence  becomes s  longer 
depressed;  complete  suppression  of  carbon  dioxide  reduction  occurs  much 
earlier,  at  about  0.015%  KCN. 

droMdanZT!"?'  12  (V°''  l'  page  3U>  we  found  that  hy- 

Plex  While  it  affe  ,  g  PTn,’ t  le  m°de  °f  aCti0n  of  which  is  rather  com¬ 
plex.  While  it  affects  particularly  strongly  the  oxygen-liberating  process 
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in  ordinary  photosynthesis,  hydroxylamine  also  produces,  albeit  only 
higher  concentrations,  two  other  inhibiting  effects — on  the  reduction 
ot  carbon  dioxide  by  “hydrogen-adapted”  algae  (in  which  no  oxygen  is 
liberated),  and  on  the  “de-adaptation”  of  such  algae.  Both  effects  could 
be  explained  by  the  assumption  that  hydroxylamine  has  an  affinity  either 


Fig.  27.17.  Influence  of  hydroxylamine  chloride  on  carbon 
dioxide  reduction  by  Chromatium  (after  Wassink,  Katz  and 
Dorrestein  1942):  5%  CO2;  15%  hb;  pH  7.16;  29  C., 

strong  light.  NH2OH  HCl  concentration  in  per  cent. 


directly  to  the  primary  oxidation  product  Z  (in  photocomplex  X- Chi  -HZ), 
or  to  an  enzyme  with  which  Z  must  react  to  prevent  this  primary  product 

from  being  lost  by  back  reactions.  ,  o 

New  experiments  of  Wassink  and  co-workers  (1942)  showed  that  the 

influence  of  hydroxylamine  hydrochloride  on  the  photoreduction  of  carbon 
dioxide  by  purple  bacteria  ( Chromatium )  is  somewhat  stronger  than  the 
above  mentioned  effect  on  the  similar  reaction  in  hydrogen-adapte 
Scenedesmus.  (The  following  figures  show  this  relation:  Normal  pho  - 
synthesis  of  Scenedesmus,  50%  inhibition  at  5  X  IQ-  mole/l„  photo- 
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reduction  by  adapted  Scenedesmus,  no  drop  below  50%  at  any  concentra 
tion  up  to  3  X  10“2  mole/1.;  photoreduction  by  Chromatium,  50%  inhibi¬ 
tion  at  3  X  10-3  mole/1.,  (cf.  fig.  27.17).  In  experiments  with  bacteria 
(in  contrast  to  those  of  Weller  and  Franck,  1941,  on  Chlorella;  cf.  \  ol.  I, 
page  312)  no  inhibition  by  hydroxylamine  was  found  in  weak  light  (cf. 
fig.  28.1 1C  and  fig.  28  in  Vol.  1).  The  difference  is  understandable,  if  the 
effect  of  hydroxylamine  on  photosynthesis  in  weak  light  is  due  to  its  action 
on  the  oxygen-liberating  enzyme  (designated  as  E0  or  Ec  in  \  ol.  I);  a 
possible  “autocatalytic”  mechanism  of  this  effect  was  discussed  on  p.  312. 
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Fig  27.18.  Influence  of  sodium  azide  on  rate  of  photoreduction  of  carbon 
dioxide  by  Chromatium  (after  Wassink,  Katz  and  Dorrestein  1942)-  (4)  15<Y 
hydrogen;  (£)  1%  thiosulfate.  5%  C02;  pll  6.3;  29°  C.;  strong  light. 

In  the  absence  of  reductants,  hydroxylamine  hydrochloride  was  found 
to  have  no  effect  on  th e  fluorescence  of  Chromatium,  up  to  a  concentration 
.'  /0'  !’ 1  10  Presence  of  reductants,  hydroxylamine  causes,  in  general 

an  increase  in  the  intensity  of  fluorescence;  however,  this  effect  becomes 

h  h'ihltl n  V  r™,' °'05%-  "W*  the  reduction  of  carbon  dioxide  is  half 
.  ,  .  jy  as  Idtle  as  0.03%  of  the  poison  (cf.  fig.  28  46)  Thus  the 

mh.bit.on  of  bacterial  photosynthesis  by  hydroxylamfne  also  seems  to  be  I 
complex  phenomenon,  the  first  stage  of  which  has  no  effect  on  fluorescence 
nhile  the  second  stage  causes  an  increase  in  the  fluorescence  yield  ' 
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Sodium  azide.  Only  one  casual  observation  of  the  inhibition  of  photo¬ 
synthesis  by  azide  was  mentioned  in  Volume  I  (page  318).  Since  then,  the 
effect  of  this  typical  poison  for  heavy  metal  catalysts  on  the  gas  exchange 
and  fluorescence  of  Chromatium  has  been  studied  quantitatively  by  Was- 
sink,  Katz  and  Dorrestein  (1942).  Figures  27.18A  and  27.18  B  show  the 
rates  of  photoreduction,  with  molecular  hydrogen  and  thiosulfate,  respec¬ 
tively,  as  functions  of  azide  concentration.  The  half-inhibiting  concentra¬ 
tion  is  about  0.02%  sodium  azide  with  hydrogen  and  about  0.01%  with 
thiosulfate  as  reductant.  Strangely  enough,  particularly  strong  inhibition 
was  found  in  weak  light  (fig.  28.1  ID). 


Fig.  27.19.  Effect  of  ethylurethan  on  photoreduction  of 
carbon  dioxide  in  Chromatium  (after  Wassink,  Katz  and 
Dorrestein  1942):  5%  CO,;  15%  H,;  pH  7.6;  29”  C.;  strong 
light. 


The  effect  of  azide  on  fluorescence  also  was  different  from  that  of  the 
other  enzyme  poisons,  such  as  cyanide  and  hydroxylamine.  n  e 
place,  fluorescence  was  strongly  affected  even  in  the  absence  of  reductents 
(fig.  28.47 A).  In  the  second  place,  the  typical  effect  was  a  consideiab 
lowering  of  the  yield  of  fluorescence,  particularly  at  the  hig  lei  lg  l  in 

116  AUgthree47observations  (inhibition  of  the  gas  exchange  at  low  light  in- 
tensUies,  effect  on  fluorescence  in  absence  of  reductants,  lowering  of  fluores- 
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cence  intensity)  indicate  that  this  poison  does  not,  or  not  merely,  interfere 
with  the  enzymatic  supply  to  the  photosynthetic  apparatus  of  the  oxidant 
(carbon  dioxide),  or  of  the  reductant  (such  as  hydrogen),  but  affects  the 
primary  photocomplex,  X-  Chi  HZ,  directly ,  possibly  by  displacing  the 
reductant  HZ  in  this  complex.  Such  a  close  association  with  the  photo¬ 
complex  could  be  expected  to  lead  to  the  decomposition  of  the  azide  in 
light,  an  expectation  which  might,  perhaps,  be  tested  by  experiments. 

Urethans.  In  chapter  12  (Vol.  I,  page  321)  the  “narcotizing”  effect  of 
phenylurethan  on  photosynthesis  of  Chlorella,  which  appears  to  be  equally 
strong  at  all  light  intensities,  was  illustrated  by  figure  30,  taken  from  War¬ 
burg’s  early  work  on  Chlorella  (1920).  This  figure  showed  half  inhibition 
at  about  2  X  10-4  mole/1.;  Table  12. VIII,  taken  from  the  same  paper, 
indicated  half  inhibition  at  5  X  10-4  mole/1,  for  phenylurethan  and  0.22 
mole/1,  for  ethylurethan. 

An  inhibition  curve  for  Chlorella,  given  by  Wassink  and  co-workers 
(1938)  (fig.  31,  page  323)  indicated  half  inhibition  by  about  2.5  per  cent, 
or  about  0.02  mole/1,  ethylurethan,  and  the  measurements  of  Wassink, 
Katz  and  Dorrestein  (1942)  on  Chromatium  (fig.  27.19)  gave  about  1.3%, 
or  0.01  mole/1.,  as  half-inhibiting  concentration,  at  29°  C.  Wassink  and 
Kersten  (1945)  found  about  2%  as  half-inhibiting  concentration  for  the  dia¬ 
tom  Nitzschia  dissipata. 


One  peculiar  characteristic  of  the  effect  of  urethan  on  Chromatium— 
similai  to  that  of  azide  is  the  enhanced  inhibition  at  low  light  intensities, 
leading  to  a  more  pronounced  sigmoid  shape  of  the  light  curves  of  photo¬ 
reduction  in  inhibited  cells  (fig.  28. 11E). 

Theoretically,  a  weaker  inhibition  at  the  higher  light  intensities  (i.  e., 
light  curve  systems  of  “type  3”;  cf.  chapter  26)  could  be  explained  if  one 
would  assume  that  the  narcotic  partially  covers  the  chlorophyll-bearing 
‘photocomplex,”  but  leaves  free  the  enzyme  that  determines  the  limiting 
yield  of  photosynthesis  in  strong  light.  In  this  case,  the  decrease  in  in- 
ibition  would  be  brought  about  by  continued  increase,  with  increasing 
light  intensity,  of  the  rate  of  photosynthesis  of  narcotized  cells— in  the  in¬ 
tensity  range  m  which  photosynthesis  in  noninhibited  cells  is  light-saturated. 
Figure  28. HE  shows,  however,  that  light  saturation  occurs  at  the  same  in- 
ensity  on  both  curves,  so  that  this  explanation  appears  inadequate. 

n  Nitzschia,  according  to  AVassink  and  Kersten  (1945),  the  inhibition 
byurethan  is  somewhat  less  strong  in  weaker  than  in  stronger  light 

that  of  eAhylU"ethan  °n  UOresce ™e  of  Chromatium  is  like 

t  at  of  azide.  As  with  az.de,  addition  of  urethan  causes  the  fluorescence 

to >  decrease  in  intensity  in  the  absence  of  reductants  ('fie-  2K 

>en  reductants,  such  as  hydrogen  or  thiosuhat  arTpre  ent  and  fhe 

fluorescence  of  nonnarcotized  cells  is  thus  considembly  weTened  iddt 
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tion  of  urethan  causes  an  increase  in  F  ( cf .  fig.  28.50B),sothat  the  intensity 
of  fluorescence  finally  becomes  about  the  same  with  and  without  reductant. 

It  is  noteworthy  that  in  the  completely  narcotized  state  (e.  g.,  with  3% 
ethylurethan,  when  the  gas  exchange  is  completely  inhibited;  cf.  fig.  27.19) 
the  characteristic  curvature  of  the  fluorescence  curves  of  bacteria  disap¬ 
pears  (fig.  28.50B). 

These  results  can  be  explained  by  the  assumption  that  urethan  reacts 
directly  with  the  primary  photochemical  complex  X-Bchl-HZ,  and  that 
the  product  of  this  interaction  is  characterized  by  a  yield  of  fluorescence 
about  halfway  between  those  of  the  forms  X-Bchl-HZ  and  X-Bchl-Z. 

Oxygen.  In  chapter  13  (Vol.  I,  page  328)  we  described  the  inhibiting 
effect  of  excess  oxygen  on  photosynthesis.  The  light  curves  of  photosyn¬ 
thesis  and  fluorescence  in  the  presence  and  absence  of  oxygen  will  be  dis¬ 
cussed  in  chapter  28.  The  only  systematic  measurements  with  varying 
oxygen  pressures  permitting  the  plotting  of  an  “oxygen  curve,”  P  =  f[ O2], 
were  made  by  Warburg  (1920);  the  results  were  reproduced  in  figuie  32. 
This  figure  indicated  the  steepest  rate  decline  between  0  and  20%  oxygen; 
it  was  mentioned  that  this  was  contradicted  by  Wassink  and  co-workers 
(1938),  who  found  no  difference  between  the  rates  at  0  and  20%  oxygen, 
but  a  considerable  drop  from  20  to  100%  oxygen. 
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Chapter  28 


THE  LIGHT  FACTOR.  I.  INTENSITY  * 


A.  Light  Curves  of  Photosynthesis 


The  relation  between  photosynthesis  and  the  quantity  of  light  available 
to  the  plants  was  investigated  for  the  first  time  in  1866,  when  the  Russian 
botanist  Volkov  (Wolkoff)  counted  the  oxygen  bubbles  evolved  by  sub¬ 
merged  aquatic  plants  at  different  distances  from  a  sun-illuminated,  frosted 
glass  window.  He  found  that  the  rate  of  gas  evolution  was  proportional 
to  the  intensity  of  illumination.  In  1883,  Reinke  in  Germany  extended 
similar  measurements  to  stronger  illuminations  and  observed  that,  when  the 
light  intensity  approached  that  of  full  sunlight,  the  “light  curves  (i.  e., 
curves  in  which  the  rate  of  photosynthesis  was  plotted  against  the  intensity 
of  incident  light)  bent,  and  finally  became  horizontal.  He  had  thus  dis¬ 
covered  the  phenomenon  of  light  saturation. 

Ewart  (1896,  1897,  1898)  showed  that,  if  the  illumination  is  increased 
still  further,  far  beyond  the  saturating  value,  the  rate  begins  to  decrease 
again,  and  photosynthesis  may  even  be  completely  inhibited. 

„  ,  ,  m  t  i  i  *  i. _ ;  +  oofuraimn 


The  initial  increase  of  the  rate  with  light  intensity,  the  “light  saturation 
„  i  ,i  ..u: _ mniKi+irm”  nf  ntmtosvn thesis  were 


noints.’ 


results  OI  all  uic  v  ^ 

pear  to  be  the  rule  with  purple 
1942). 


*  Bibliography,  page  10/8. 


GENERAL  REVIEW 


005 


Not  satisfied  with  the  qualitative  similarity  between  the  empirical 
light  curves  and  the  broken  lines  predicted  by  the  theory  of  limit  ing  factors, 
Blackman  insisted  on  a  quantitative  agreement,  and  thus  precipitated  the 
controversy  to  which  we  have  referred  in  chapter  26.  He  insisted  that  no 
decline  in  rate  occurs  at  high  light  intensities,  unless  injuries  are  brought 
about  by  overheating ,  and  denied  the  gradual  character  of  the  transition  from 
the  linearly  ascending  part  to  the  horizontal  part  of  t  he  light  curves. 

Blackman  probably  was  right  in  suggesting  that  the  inhibition  of 
photosynthesis  by  excessive  light  be  attributed  to  destructive  processes 
alien  to  the  intrinsic  kinetic  mechanism  of  photosynthesis.  (However,  we 
believe  these  processes  to  be  phot  oxidations,  rather  than  thermal  reactions 
caused  by  overheating;  this  theory  of  light  inhibition  was  discussed  in 
chapter  19,  when  we  described  the  photoxidation  phenomena  in  living 
plants.)  It  is,  on  the  other  hand,  impossible  to  accept  the  second  contention 
of  Blackman — that  the  linearly  ascending  part  of  the  light  curves  goes  over 
abruptly  into  the  horizontal  part.  All  precise  observations  confirm  that 
light  saturation  is  reached  asymptotically,  sometime  over  an  extended  range 
of  light  intensities  ( cf .  the  early  criticism  of  Blackman’s  interpretation  by 
Brown  and  Heise  1917,  1918).  It  was  shown  in  chapter  26  (cf.  also  fig. 
28.20)  that  the  inhomogeneity  of  light  absorption,  which  is  inevitable  even 
in  single  chloroplasts,  not  to  speak  of  multicellular  systems,  should  in  itself 
suffice  to  make  practical  observation  of  Blackman’s  angular  light  curves 
impossible  even  if  these  curves  correctly  represented  the  relation  between 
light  intensity  and  rate  of  photosynthesis  in  a  uniformly  illuminated  vol¬ 
ume  element.  Application  of  the  general  laws  of  reaction  kinetics  shows, 
however,  that  even  in  the  ideal  case  of  completely  uniform  light  absorption 
Blackman’s  broken  lines  could  represent  only  a  first  approximation,  which 
may  be  more  or  less  satisfactory,  depending  on  specific  conditions. 


1.  General  Review 

Table  28.1  lists  the  most  important  determinations  of  the  light  curves  of 
photosynthesis  carried  out  since  the  time  of  Blackman. 

Aretimrk  must  be  made  on  the  units  of  light  intensity  used  in  these  measurements, 
or  white  light,  lux  (meter  candles),  or  foot  candles,  have  been  and  still  are  widely  used 

or  “  w1S  °KUa  ^r10'8  meter  CandleS;  onc  meter  ^ndle  corresponds  (cf.  chapter 
2o  page  838  to  about  4.5  erg,  or  1.4  X  10»  quanta,  or  2.3  X  10~»  einstein  of  photosyn- 

t l  egally  act.ve  light  (400-700  mM),  falling  each  second  on  a  square  centimeter  of  [he 

a7- “x r  r°,0nd  lm  the  intensity  *  «“•“>*  £en  in  e“ ££. 

meter  (1  watt  w  l wl  P=r  S“0nd’  °r  in  watts  P«  ^uare  ccnti- 

and  ke  i  tLT  ,  '  f  ^  abbre™tions  klux  for  thousand  lux, 

,  J  thousand  erg.  In  comparmg  the  results  obtained  in  light  of  different  color 

the  most  approbate  nteasure  of  intensity  is  the  number  of  incident  II  •  „  t  ’ 

number  of  einsteins  (1  einstein  -  0  1  v  1023  .  x  f  m  quanta  (A  f>»),  or  the 

ti  einstein  -  b.l  X  10“  quanta)  falling  per  second  on  one  square 


Table  28.1.  Determination  of  Light  Curves.  The  values  in  parentheses  are  calculated  from  the  approximate  relation 

1  lux  =  5  erg/(sec.  X  cm.2) 
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LIGHT  INTENSITY,  foot  candles 


Fig.  28.1.  Light  curves  of  photosynthesis  in  whole  young  wheat  plants  at 
19°  C.  (after  Hoover,  Johnston  and  Brackett,  1933).  Parameters:  Vol.  %  C02; 
one  foot  candle  equals  about  10  lux. 


r  Fig.  28.2.  Light  curves  of  strawberry  leaves  (after  Wassink  1946  V 
Leaf  disks  floating  on  water  in  equilibrium  with  air  conlammg  %  i,  ^ 
17'and  25°.  Broken  line:  same,  in  Warburg  buffer  No.  9,  at  25  . 
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Fig.  28.3.  Light  curves  of  water  moss  Foniinalis 
anlipyretica  at  23-24°  C.  for  different  values  of 
[KHCOa],  in  white  light  (after  Harder  1921).  1% 

KHCO3  corresponds  to  [C02]  =  1.1  X  10-3  mole/1. 


2.5 

2.2 

1.9 

1.6 
1.3 

10 


Log  I,  lux 


1  ^  f'Wf  't  kjght  curves  of  the  water  plant  Cabomba  caroliniana  for  various  [CO  1 

values  (left)  (after  Smith  1938).  Warburg  buffers  white  lkht  P  T  , 
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Fig.  28.5.  Light  curves  of  diatoms  ( Nilzschia  sp.)  in  Richter 
solution  (after  Wassink  and  Kersten  1945).  In  5%  C02  and  in 
C02-free  air,  17°  C. 
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Fig.  28.5A.  Light  curves  of  C02  re¬ 
duction  by  purple  bacteria  ( Chromatium 
D)  at  two  C02  concentrations  (after 
Wassink,  Katz  and  Dorrestein  1942). 
1%  thiosulfate,  pH  0.3,  29°  C. 


Fig.  28.5B.  Light  curves  of  C02  re¬ 
duction  by  purple  bacteria  (Chromatium 
D)  at  two  different  thiosulfate  concen¬ 
trations  (after  Wassink,  Katz  and  Dorre¬ 
stein  1942).  5%  C02,  pH  6.3,  29°  C. 


Abscissa  for  both  figures,  incident  intensity  in  (erg/cm.2  sec.)  X  10 


—  4 


LIGHT  CURVES  OF  PHOTOSYNTHESIS 


*J73 


Fig.  28.6.  Light  curves  of 
Chlorella  at  different  temperatures 
(after  Wassink,  Vermeulen,  Reman 
and  Katz  1938). 


fig.  28.7.  Light  curves  of 
Chlorella  at  different  tem¬ 
peratures  (after  Noddack  and 
Kopj»  1940).  [C02]  =  7.87 

X  10  mole  per  liter.  1  HK 
=  940  erg/(cm.2  sec.).  Up¬ 
per  figure,  white  light;  lower 
figure,  red  light. 
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Fig.  28.8.  Light  curves  of  purple  bacteria  ( Chromatium  D)  at  different  temperatures 
(after  Wassink,  Katz  and  Dorrestein  1942).  (5%  C02,  concn.  1,  corresponding  to  ca. 
80%  absorption  of  sodium  light;  cf.  fig.  28.22.) 


Fig.  28.9A.  Light,  curves  of  HCN-inhibited  ChlcreUa  cells 
showing  that  HCN  is  ineffective  in  weak  light  (alter  Wassin  . 
Vermeulen,  Reman  and  Katz  1938). 


GENERAL  REVIEW 
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RELATIVE  LIGHT  INTENSITY 


Fig.  28. 9B.  Light  curves  of  inhibited 
Chlorella  cells  showing  that  NH2OH-HCl  is 
effective  at  all  light  intensities  (after  Weller 
and  Franck  1941). 


Fig.  28. 9C.  Light  curves  of  in¬ 
hibited  Chlorella  cells  showing  that 
ethylurethan  is  effective  at  all  light 
intensities  (after  Wassink,  Vermeulen, 
Reman  and  Katz  1938).  Intensity  is 
in  erg/cm.2  sec. 


LIGHT  INTENSITY,  lux 


™ »»  =-  $g:  ■ 


EVOLUTION,  mm.v  hr 
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Fig.  28.9E.  Light  curves  of  Chlorella  cells  showing  On 
effect  (after  Wassink,  Vermeulen,  Reman  and  Katz  1938). 


INCIDENT  INTENSITY,  erg/cm.2  sec. 


Fi e  28  1 0  Light  curves  of  inhibited  diatoms  (N itzschia )  at  25  0  C.  m  \\  arburg 
buffer' No  9  sho^ng  both  ethylure.han  and  cyanide  (?)  to  be  effect, ve  at  low  bght 
intensities  (after  Wassink  and  Kersten  1945). 


UPTAKE  OF  C02,  mm.Vhr  UPTAKE  OF  H,  +  C02,  mm3/hr. 
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INCIDENT  INTENSITY,  erg/cm2  sec. 

'  *•  ,2S, ' ™rves  of  inhibited  purple  bacteria  (Chromatium)  (after 
Z a"»  D“rrestein  1942)-  ,H= HAO, an reductant, 5% CO., 29” C  ) 

W.ak  nthT  'nh  light  With,"!'.  WUh  H*°h  «  shown  also  in 

,  .  g  ‘  - '  shows  no  effect  in  weak  light  (cf.  fig  28  9B)  With 

ethylurethan,  the  effect  is  particularly  strong  in  weak  light. 
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Fig.  28.12.  Effect  of  pH  on  rate  of  C02  reduction  by  Chromatium  (after  Wassink, 
Katz  and  Dorrestein  1942).  15%  H2  (at  right)  or  1%  H2S203  (at  left)  as  reductant, 

5%  C02,  29°  C. 


Fig.  28.13.  Light  curves  in  relation  to  age  in  ChloreUa  (after 
Wassink  and  Katz  1939).  Gas  phase  air,  29  C. 


LINEAR  RANGE 


979 


centimeter.  For  relationships  between  Nh„  and  intensity  of  illumination  see  chapter  25, 
page  838. 

Table  28.1  does  not  list  the  measurements  of  light  curves  in  the  presence 
of  various  poisons,  such  as  potassium  cyanide,  hydroxylamine  or  azide, 
of  narcotics,  such  as  urethan,  or  of  salts,  such  as  copper  sidfate.  Several 
curves  of  this  type  are,  however,  reproduced  in  figures  28.9-11;  for  addi¬ 
tional  information,  we  refer  to  chapters  12  and  13  in  volume  I,  and  to 
chapter  37.  In  the  latter,  we  will  also  describe  the  light  curves  of  algae  in 
the  state  of  (almost  complete)  anaerobic  inhibition,  which  Franck,  Prings- 
heim  and  Lad  (1945)  were  able  to  measure  by  the  very  sensitive  phos¬ 
phorescence  method. 

Figures  28.1-28.13  contain  a  selection  of  typical  light  curves.  Attempt 
was  made  to  include  curves  for  all  types  of  plants — higher  land  plants, 
aquatic  higher  plants,  green  and  colored  algae,  diatoms  and  purple  bacteria. 
Figures  28. 1-28. 5A  represent  families  of  curves  in  which  the  carbon  dioxide 
concentration,  [C02],  serves  as  parameter  (strangely  enough,  no  such  set  is 
available  for  Chlorella).  Figure  28. 5B  shows  light  curves  of  purple  bac¬ 
teria  for  two  concentrations  of  the  reductant  (thiosulfate);  figures  28.6- 
28.8  represent  curve  sets  with  temperature  as  parameter.  Figures  28.9- 
28. 1 1  illustrate  the  effect  of  inhibitors.  The  effect  of  pH  (in  purple  bacteria) 
is  shown  in  figure  28.12,  while  figure  28.13  shows  the  influence  of  age. 
Later  in  this  chapter,  some  additional  sets  of  curves  will  be  given  to  illus¬ 
trate  the  influence  of  inherited  or  acquired  conditioning  to  strong  or  weak 
light. 

In  chapter  26  we  discussed  three  types  of  curve  sets,  P  =  f[Fi ]  with  a 
parameter  F2,  which  can  be  anticipated  in  photosynthesis.  Examples  of 
conditions  under  which  each  type  can  occur  were  given,  for  carbon  dioxide 
curves,  =  [C02],  in  chapter  27. 


2.  Linear  Range 

We  will  now  consider  some  of  the  details  of  the  light  curves:  the  linear 
range,  the  compensation  point,  the  saturating  light  intensity  and  the  maxi¬ 
mum  yield.  Perhaps  the  most  important  quantitative  characteristic  of  the 
light  curves  is  the  initial  slope,  which  determines  the  maximum  quantum 
yield,  it  will  be  discussed  separately  in  chapter  29 

Figures  28.1,28  7, 28.9A,28.10and  28.14A.B  show  that  many  lightcurves 
tx  u  at  a  practically  exact  proportionality  between  rate  and  light  intensity 
over  a  considerable  range  of  intensities.  This  “linear  range”  is  less  cleirlv 
delimited  in  figures  28.2-28.6.  In  the  light  curves  of  purple  bacteria  itt 
often  obscured  by  an  inflection  (cf.  figs.  28.8  and  28.1 1A-D)  Data  col 
eited  m  Table  28.11  indicate  that  (at  room  temperature  and  with  an  ample 
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supply  of  carbon  dioxide)  the  linear  range  usually  extends  up  to  o  or  10 
kerg/cm.2  sec.,  corresponding  to  1-2  klux  of  white  light.  In  some  cases, 
however,  the  first  signs  of  curvature  have  been  observed— despite  ample 
supply  of  carbon  dioxide — as  early  as  at  1  kerg/cm.2  sec.,  or  200  lux,  while 
in  others,  the  linear  increase  continued  up  to  50  or  even  100  kerg/cm.2  sec., 
i.  e.,  10-20  klux  (c/.  figs.  28.1  and  28.14B). 

Theoretically,  no  exact  definition  of  the  linear  range  can  be  given,  since 
all  light  curves  probably  are  hyperbolae  (or  curves  of  a  higher  ordei)  and 
can  only  approach  straight  lines  asymptotically.  A  foimal  definition  of 
the  upper  limit  of  the  linear  range  could  thus  be  given  only  in  terms  of  a 


definite  deviation  from  linearity. 


fig.  28. 14 A.  Approximate  linearity  of 
light  curves  of  Chlordla  in  white  light  up 
to  ca.  1800  lux  (or  0.5  kerg/cm.2  sec.) 
(after  Emerson  and  Lewis  1941). 


Fig.  28. 14B.  Light  curves  in  purple 
bacteria  in  sodium  light  (after  Eymers 
and  Wassink  1938)  (showing  linearity  up 
to  00  kerg/(cm.2  sec.)).  Light  intensity 
in  (erg/cm.2  sec.)  X  104. 


Wassink  (1946)  gave  incident  intensities  of  monochromatic  yellow  light 
at  which  the  yield  of  photosynthesis  of  nine  horticultural  plants  showed 
16%  deviation  from  proportionality  (c/.  Table  28.11). 

Kok  (1948,1949)  and  van  der  Veen  (1949)  found  that  the  linear  range 
may  consist  ot  two  segments,  the  lower  one  up  to  twice  as  steep  as  the  up¬ 
per  one  (cf.  chapter  29,  p.  1113). 

3.  Compensation  Point 

I  lie  compensation  point  is  the  light  intensity  I,  at  which  photosynthesis 
is  balanced  by  respiration,  so  that  the  net  gas  exchange  is  zero. 
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One  could  also  call  “compensation  point”  the  carbon  dioxide  concentration  at  which 
the  gas  exchange  becomes  zero  at  a  given  light  intensity  ( cf .  chapter  27);  or  the  tem¬ 
perature  at  which  the  gas  exchange  becomes  zero  at  a  given  combination  of  the  param¬ 
eters  I  and  [CO*]  (cf.  chapter  31);  but  the  word  is  seldom  used  in  either  of  these  two 
ways.  Sometime,  the  designation  “upper  compensation  point”  is  applied  to  the  second 
crossing  of  the  curves  of  photosynthesis  and  respiration,  which  may  occur  either  at  very 
high  light  intensities  or  at  “superoptimal”  temperatures  (cf.,  for  example,  fig.  31.1). 

When  the  carbon  dioxide  supply  is  not  too  low,  compensation  occurs 
within  the  linear  range  of  the  light  curve,  where  the  slope  of  the  latter  is 
determined  by  the  maximum  quantum  yield  of  photosynthesis  and  the  rate 
of  light  absorption  (i.  e.,  the  optical  density  of  the  specimen).  Probably 
(cf.  chapter  29)  the  maximum  quantum  yield  is  approximately  the  same  for 
all  species  (at  least,  when  all  cells  are  fully  active — which  is  not  always  the 
case,  e.  g.,  in  “aged”  cultures).  Differences  in  the  compensation  points 
found  under  these  conditions  must  therefore  depend  mainly  or  exclusively 
on  two  factors:  rate  of  respiration  and  optical  density  of  the  specimen. 

Respiration  is  proportional  to  the  concentration  of  cells  in  a  suspension ; 


Table  28. Ill 

Compensation  Point  of  Leaves  and  Thalli 


Authority 


Plant 


I  ,  lux  Temp. 


HIGHER  LAND  PLANTS 


Boy  sen- Jensen,  Muller  ( 1929)  Fraxinus  excelsior  (shade  leaves) 

(sun  leaves) 

Fagus  silvatica  (shade  leaves) 
(sun  leaves) 


200 

700 

150 

500 


MOSSES 


Bovsen-Jensen,  Muller  ( 1929)  Mar  chan  tia  polymorpha 
St&lfelt  (19392)  6  species  (winter),  average 

6  species  (summer),  average 


LICHENS  (SYMBIOTIC  GROWTHS  OF  ALGAE  AND  FUNGI ) 


Boy  sen- Jensen,  Muller  ( 1929)  Peltigera  canina 


Stalfelt  (19391) 


12  species  (winter),  average 
12  species  (summer),  average 


AQUATIC  HIGHER  PLANTS  AND  MOSSES 


Plaetzer  (1917) 


Elodea  (summer) 

Elodea  (winter) 
Cabomba  caroliniana 
Miriophyllum  spicatum 
Fontinalis  antipyretica 
Cinclidotus  aquaticus 


2 

18 

55 

128 

150 

140 


20°  C. 
20°  C. 
20°  C. 
20°  C. 


100  20°  C. 

390“  About  1 1  °  C. 


4200b 

1020 

1160 


20°  C. 
13°  C. 
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Table  28.  Ill  ( continued ) 


AQUATIC 

higher  plants  and  mosses  ( continued ) 

Authority 

Plant 

/„,  lux 

Temp. 

Harder (1923) 

Fontinalis  (shade  plant) 

95 

After  12  days  in  dark 

64 

After  20  days  in  dark 

27 

Fontinalis  (sun  plant) 

152 

After  12  days  in  dark 

84 

After  20  days  in  dark 

10 

Harder  (1924) 

Fontinalis  grown  at  4.6° 

—1000 

18°  C. 

Grown  at  20° 

—580 

18°  Q. 

GREEN  ALGAE 

Plaetzer  (1917) 

Spirogyra  sp. 

174 

Cladophora  sp. 

253 

Ehrke  (1929,  1931) 

Enteromorpha  compressa 

457 

16°  C. 

Ulva  lactuca 

357 

16°  C. 

Cladophora  rupestris 

322 

16°  C. 

Noddack,  Eichhoff  (1939) 

Chlorella  pyrenoidosa  (thin  sus- 

400 

25°  C. 

pension) 


COLORED  ALGAE 


Ehrke  (1929,  1931) 

Fucus  serratus  (brown) 

408 

16°  C. 

Laminaria  saccharina  (brown) 

345 

16°  C. 

Plocamium  coccineum  (red) 

299 

16°  C. 

Phyllophora  brodiaei  (red) 

312 

16°  C. 

Delesseria  sanguinea  (red) 

270 

16°  C. 

°  Values  remarkably  high  for  shade  plants.  6  The  high  values  of  Ic  are  caused  by  the 
respiration  of  the  (photosynthetically  inactive)  fungus. 


while  light  absorption,  in  an  optically  dense  system,  increases  more  slowly 
than  proportionally  with  the  concentration  (Beer’s  law).  Therefore,  if  we 
compare  a  dense  suspension  with  a  thin  suspension  of  identical  cells,  we  can 
expect  to  find  the  compensation  point  of  the  second  one  at  a  lower  light 
intensity.  When,  on  the  other  hand,  a  decrease  in  optical  density  is 
brought  about  by  a  decline  in  the  concentration  of  chlorophyll  within  the 
cells  (without  a  change  in  the  number  of  the  cells  per  unit  volume),  the 
compensation  point  will  be  shifted  in  the  opposite  direction  (i.  e.,  toward 
higher  intensities),  because  in  this  case  the  decline  in  the  total  yield  of 
photosynthesis  will  not  be  compensated  by  an  even  stronger  decline  in  total 


green^celIse(f/rNoddackCh^°M^lyl(^e^C*en^  C°"S  ^  either  *he  SanM  118  that  of  "°™»1 
ImerTn  amf  w  PP  °r  eVe"  stronger  ('Morotic  Chlorella  cells  grown  by 

Emerson  and  Lewis;  most  sun-adapted,  light-green  leaves).  Three  examples  of  the 

latter  behavior  will  be  found  in  Tables  28.III  and  28.IV  (p.  989).  P 
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The  relation  between  the  kinetic  properties  of  sun-adapted  (helio- 
philic)  and  shade-adapted  (umbrophilic)  plants  will  be  discussed  on  page 
987;  that  between  warmth-adapted  (thermophilic)  and  cold-adapted 
(cryophilic)  plants,  in  chapter  31.  As  shown  by  Harder’s  data  in  Table 
28. Ill,  the  effects  of  adaptation  to  weak  light  and  low  temperature  differ 
in  sign — the  first  one  reduces  respiration  and  thus  shifts  Ic  toward  weaker 
illuminations,  while  the  second  one  enhances  repiration,  and  thus  shifts  Ic 
toward  more  intense  light. 

Algae  that  live  deep  under  the  sea,  particularly  red  algae,  are  adapted 
both  to  weak  light  and  to  low  temperature.  The  effect  of  umbrophilic 
adaptation  predominates,  however,  and  the  compensation  points  of  these 
algae  generally  are  lower  than  those  of  the  surface  algae.  Without  low 
compensation  points,  these  organisms  could  not  develop  100-120  meters 
under  the  sea  (the  lowest  level  from  which  organisms  have  been  recovered 
by  dragnet)  because  the  intensity  of  illumination  at  120  meters  depth  is  of 
the  order  of  only  200  lux  (see  data  of  Seybold  1936,  in  chapter  22). 

As  discussed  in  more  detail  in  chapter  15  (page  424),  the  deep-sea  algae 
are  adapted  not  only  to  low  light  intensity,  but  also  to  predominantly  blue- 
green  light.  If  the  compensation  points  of  the  green  surface  algae  and 
the  colored  deep-sea  algae  were  compared  in  blue-green  light,  the  lower 
compensation  points  of  the  latter  probably  would  appear  even  more  strik¬ 
ingly  than  in  Table  28. III. 

In  general,  the  compensation  points  of  different  species  shown  in  the 
table  are  comparable  only  if  the  experiments  were  carried  out  under  closely 
similar  conditions  (same  carbon  dioxide  concentration,  temperatuie  and 
previous  history  of  the  plants),  since  otherwise  the  intensity  of  respiration 
of  a  given  species  may  vary  widely.  Plants  allowed  to  photosynthesize 
efficiently  for  some  time  often  accumulate  assimilates  and  then  respire 
many  times  stronger  than  similar  plants  “starved”  for  an  extended  period 
of  time  (cf.  Harder’s  data  in  Table  28.III).  Such  special  conditions  may 
perhaps  explain  the  very  low  Ic  values  found  by  Plaetzer  for  some  aquatic 


The  ratio  between  respiration  and  photosynthesis  at  low  light  intensi¬ 
ties  is  generally  changed  in  favor  of  respiration  by  an  increase  in  tempera¬ 
ture  ( cf  chapter  31);  thus,  higher  temperature  must  cause  an  upward 
^^Lpensiiion  point  (c/.  fig.  28.15  and  Table  31. Ill)  — 
have  a  similar  influence,  since  they,  too,  reduce  photosynthesis  (at  all  light 
intensities)  much  more  effectively  than  respiration  (cf.  chapter  12).  Ln- 
zvme  poison s  (e.  </.,  cyanide)  may  have  a  lesser  or  even  opposite  effect, 
because  their  influence  on  photosynthesis  in  weak  light  usually  is  la  uer 
,,  /  f  98  QA  28  11  A)  while  most  of  them  strongly  inhibit 

r.ii  i.  ... — «■—  •“*•>■  *• 
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of  cyanide  on  respiration  is  stronger  than  on  photosynthesis,  even  in  strong 
light;  in  organisms  of  this  type,  addition  of  cyanide  causes  a  strong  down¬ 
ward  shift  of  the  compensation  point  (c/.  chapter  12).  Indications  of  a 
peculiar  difference  between  cyanide  effects  of  photosynthesis  above  and 
below  the  compensation  point  were  mentioned  in  chapter  12  (Vol.  I,  p.  308). 

Reduced  supply  of  carbon  dioxide  decreases  photosynthesis  without  af¬ 
fecting  respiration.  If,  in  consequence  of  carbon  dioxide  deficiency,  the 
light  curves  begin  to  bend  in  very  weak  light,  the  compensation  point 
may  be  shifted  to  high  light  intensities  (c/.  fig.  28.15),  or  never  reached 


at  all.  This  case  was  mentioned  in  chapter  20,  when  we  spoke  of  the  ex¬ 
periments  of  Chesnokov  and  Bazyrina  (1932)  and  Miller  and  Burr  (1935), 
in  which  gas  balance  was  observed  at  light  intensities  of  the  order  of  20 
ux.  Miller  and  Burr  (1935)  noticed  that,  in  this  “carbon  dioxide-limited” 
range,  the  compensating  light  intensity  was  independent  of  temperature. 

us  means  that  the  temperature  coefficient  of  the  carbon  dioxide  supply 
process  (diffusion  or  carboxylation?)  was  practically  equal  to  that  of  respira- 


4.  Saturating  Light  Intensity 

When  Ileinke  discovered  the  light  saturation  of  photosynthesis  he 
found  ,t  to  occur  at  an  intensity  close  to  that  of  sunlight  at  noon  ap- 
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proximately  60  klux  in  moderate  zones;  cf.  chapter  25).  However,  the 
saturating  intensity  varies  widely  from  species  to  species  and  specimen 
to  specimen.  One  reason  for  this  is  difference  in  optical  density.  Satura¬ 
tion  begins  when  the  most  exposed  chlorophyll  molecules  receive  a  certain 
light  flux,  and  becomes  complete  when  the  most  deeply  shaded  molecules 
obtain  this  saturating  intensity.  The  intensity  of  incident  light  at  which 
this  complete  saturation  occurs  obviously  must  depend  on  whether  we  use 
a  thick  or  a  thin  leaf,  a  dense  or  a  dilute  cell  suspension.  This  “density 
effect”  already  was  described  in  chapter  25  and  will  be  again  discussed 
later  in  this  chapter  (page  1007). 

Even  with  the  density  effect  eliminated — either  experimentally,  by 
using  optically  very  thin  objects,  or  by  calculation  (cf.  fig.  28.22) — the 
saturating  light  intensity  still  remains  dependent,  for  a  given  species,  on 
internal  factors  such  as  age  and  adaptation  (to  strong  or  weak  light),  and 
external  variables,  such  as  carbon  dioxide  supply  and  temperature.  The 
effects  of  carbon  dioxide  concentration  are  illustrated  by  figures  28.1  to 
28.5,  those  of  temperature  by  figures  28.6  to  28.8.  Using  the  notion  of 
“ceilings”  introduced  in  chapter  26  (page  869)  we  can  say  that  everything 


that  lowers  the  ceiling  imposed  on  the  over-all  reaction  of  photosynthesis 
must  shift  the  saturation  toward  lower  light  intensities.  This  may  be  a 
decrease  in  [CO2],  a  decrease  in  available  reductants  (in  purple  bacteria), 
or  a  decline  in  the  amount  of  one  of  the  catalysts.  The  temperature  effect 
is  complex,  because  changes  in  temperature  affect  all  ceilings  simultane¬ 
ously — those  imposed  by  diffusion,  as  well  as  those  caused  by  enzymatic 

reactions  of  limited  maximum  yield. 

Among  the  internal  factors  affecting  the  saturating  light  intensity,  the 
most  important  is  adaptation  to  strong  or  weak  light.  Shade-adapted 
plants  often  are  darker  green,  i.  e.,  contain  more  chlorophyll  (per  unit  area 
or  unit  volume)  than  the  corresponding  light-adapted  species  or  individuals. 
This  difference  in  optical  density  would  in  itself  be  sufficient  to  cause 
changes  in  the  shape  of  the  light  curves:  Darker,  shade-adapted  plants 
are  more  efficient  light  absorbers,  and  their  light  curves  should  there¬ 
fore  have  a  steeper  initial  slope.  If  the  higher  optical  density  is  due  to  in¬ 
creased  concentration  of  the  pigment  (with  the  concentration  of  all  o  her 
constituents  of  the  catalytic  apparatus  remaining  the  same),  the  saturation 
rate  related  to  unit  volume  of  cells  (or  to  unit  area  of  leaves,  assuming  the 
leaf  thickness  is  constant), should  be  the  same  for 

varieties-  while  the  saturation  rate  related  to  unit  amount  of  chlowphylt 
should  be  lower  in  the  darker  specimens.  In  practice,  conditions  are  more 
complicated,  because  shade  leaves  often  arc  thicker,  and  shade  cells  da 
grow  larger  than  their  heliophilic  counterparts  These  relationship  iuU 
be  discussed  in  more  detail  in  chapter  32.  The  experimental  result 
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want  to  quote  now  is  that  the  saturation  rate  of  umbrophilic  plants  usu¬ 
ally  is  much  lower  than  that  of  the  heliophilic  plants,  even  if  related  to 
unit  volume  or  unit  area  (not  to  speak  of  the  rate  per  unit  chlorophyll  con¬ 
tent).  This  indicates  that  adaptation  to  weak  light  involves,  in  addition 
to  an  increase  in  pigment  concentration,  a  decrease  in  the  amount  of  one  01 
several  catalysts  that  exercise  a  rate-limiting  influence  in  photosynthesis. 
Coupled  with  steeper  initial  rise,  this  lower  “ceiling”  on  the  rate  of  photo¬ 
synthesis  in  shade  plants  often  leads  to  a  very  early  light  saturation.  While 
the  light  curves  of  sun-adapted  plants  may  continue  to  rise  at  or  even  be¬ 
yond  100  klux  (c/.  data  of  Singh  and  Kumar,  Smith,  Boysen-Jensen,  and 
Gabrielsen  in  Table  28.1),  the  light  curves  of  shade  plants  may  show 
saturation  at  light  intensities  as  low  as  1  klux  (c/.  figs.  28. 1G  and  28.18). 


-j - 1 - 1 - 1 - 1 _ i  i  i  i  i 

3  5  7  9  II  13  15  17  19  21  23 

klux 


Fig.  28.16.  Light  curves  of  net  gas  exchange  of  an  umbrophilic  moss  (il/ar- 
chantia)  and  a  heliophilic  lichen  ( Peltigera )  (after  Boysen-Jensen  and  Muller  1929). 
The  former  is  light-saturated  at  1  klux;  the  latter  at  or  above  20  klux. 


The  difference  between  the  shapes  of  the  light  curves  of  heliophilic  and 
umbrophilic  land  plants  was  first  observed  by  Weis  (1903),  who  compared 
the  shade  plant  Polypodium  with  the  sun  plant  Oenothera.  This  phenom¬ 
enon  was  also  investigated  by  Lubimenko  (1905, 1907,190s1-2, 1928, 1929), 
Boysen-Jensen  (1918,  1929),  Boysen-Jensen  and  Muller  (19292)  and  Lunde- 
g&rdh  (1921,  1922),  among  others.  Typical  results  are  illustrated  by 
figures  28.16,  28.17  and  28.18.  The  first  of  these  figures  refers  to  an  umbro- 
philic  moss  (which  is  compared  with  a  heliophilic  lichen) ;  the  second  com¬ 
pares  shade-adapted  specimens  of  two  aquatic  plants  with  sun-adapted 
individuals  of  the  same  species  and  the  third  contains  a  comparison  of  the 

ig  t  curves  of  a  shade-adapted  leaf  and  a  sun-adapted  leaf  on  the  same 
plant  (see  also  Table  28  IV)  We  see  tbnt  +bo  t  ,  ,  .  7 

tation  ffio-  oc  im  •  ,  \  ,  that  the  effect  of  Phylogenetic  adap¬ 

tation  (fig.  28.16)  is  similar  to  that  of  the  individual  adaptation  of  whole 
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plants  (fig.  28.17)  or  single  leaves  (fig.  28.18).  The  figures  in  Table  28. IV 
further  show  that  the  respiration  of  shade-adapted  plants  is  weaker  than 
that  of  the  sun-adapted  specimens. 


Fig.  28.17.  Light  curves  of  photosynthesis  of  shade  plates  (S)  and  sun  plants 
(L)  of  the  same  species  (after  Gessner  1937).  Former  saturated  at  40  klux,  latter 
only  far  above  80  klux. 


Fig.  28.18. 
Fagus  silvatica 
saturated  at  or 


Light  curves  of  sun  leaf  (a)  and  shade  leaf  (1))  of 
(after  Boysen-Jensen  and  Muller  1929).  Former 
above  30  kluxj  latter  at  3  klux. 


ABSOLUTE  MAXIMUM  RATE 
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Bohning  (1949)  noted  that  the  rate  of  photosynthesis  of  shade-adapted 
leaves  on  trees  of  Pyrus  malus  declined  in  continuous  illumination  of  32 
klux  from  an  initial  value  of  about  20  mg.  to  <  5  mg.  002/ (hr.  X  100  cm.2) 
after  20  days.  Sun-adapted  trees,  on  the  other  hand,  showed  no  decline 
during  a  similar  period  of  continuous  illumination,  even  in  50  klux.  Iviamer 
and  Decker  (1944)  compared  the  light  curves  of  white  pine  with  those  of 
three  hardwood  trees,  and  noted  that  the  first  one  behaves  as  a  heliophile 
and  the  deciduous  trees  as  umbrophiles.  This  supports  a  previously  sug¬ 
gested  explanation  of  the  fact  that  young  deciduous  trees  “squeeze  out 
young  pine  trees  on  the  floor  of  a  forest  . 

Table  28.IV 

Photosynthesis  and  Respiration  of  Shade  Leaves  and  Sitn  Leaves 
of  the  Same  Plant  (after  Boysen-Jensen  and  Muller  1929) 


Species  Specimen  R“  Z'1  Ullx,  net"  net  Pmax-/R 


Fraxinus  excelsior .  Sun  leaf  1.2  1.4  9.8  8.2 

Shade  leaf  0.4  2.2  4.2  10.5 

Fagus  silvatica .  Sun  leaf  1.0  2.2  6.6  6.6 


Shade  leaf  0.2  1.8  2.4  12.0 

“  Respiration  (R)  and  photosynthesis  (P),  in  mg.  CO./100  cm.2  hr. 


Lubimenko  (1928)  and  Montfort  (1934)  found  that  some  species  have 
“rigid”  umbrophilic  or  heliophilic  characteristics,  i.  e.,  they  are  unable  to 
adapt  themselves  to  illuminations  different  from  those  to  which  the  species 
as  a  whole  has  become  adapted  in  its  phylogenesis,  whereas  other  species 
are  capable  of  individual  readjustment,  as  shown  in  figures  28.17  and  28.18 


and  in  Table  28.  IV. 

Umbrophilic  character  is  typical  also  of  algae  that  have  been  adapted— 
phylogenetically  or  individually— to  weak  light.  Chlorella  cultures  grown 
in  dim  light  are  richer  in  chlorophyll  than  those  grown  in  strong  light  (c/. 
Table  25.1);  the  light  curves  of  these  “shade-adapted  cells”  rise  more 
steeply,  and  reach  saturation  earlier  than  those  of  the  “light-adapted  cells.” 
Similarly,  van  der  Paauw  (1932)  found  that  Hormidium  cells  grown  in  dim 
lght  (2000  lux)  become  light-saturated  in  comparatively  weak  light  (5000 
lux),  and  show  light  inhibition  in  only  slightly  stronger  light. 

Algae  that  live  deep  under  the  sea,  particularly  the  red  ones,  behave  as 
ex  reme  umbrophiles,  and  their  photosynthesis,  too,  reaches  saturation  at 
light  intensities  of  the  order  of  a  thousand  lux. 


5.  Absolute  Maximum  Rate 

sunl."::nent‘10n,'d  ,bef01e  that  simu,tane°us  increase  of  carbon  dioxide 
Wb  and  light  supply  usually  leads  to  saturation  of  photosynthesis  long 
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before  “carbon  dioxide  inhibition”  or  “light  inhibition”  becomes  apparent. 
W  e  have  therefore  assumed  that,  independently  of  any  inhibition,  certain 
intrinsic  internal  factors  (such  as  limited  availability  of  certain  catalysts) 
impose  an  “absolute”  ceiling  (i.  e.,  a  ceiling  independent  of  both  [C02]  and 
I)  on  the  maximum  rate  of  photosynthesis. 

Determination  of  this  maximum  rate  is  of  interest  from  the  practical 
point  of  view  (estimation  of  absolute  and  relative  efficiency  of  different 
plants  as  producers  of  organic  matter)  as  well  as  from  the  point  of  view 
of  the  kinetic  mechanism  of  photosynthesis.  However,  the  two  aspects 
call  for  different  methods  of  comparison.  The  practical  problem  can  best 
be  answered  by  using  unit  surface  as  the  basis  of  rate  determination  (since 
what  one  wants  to  know  is  how  much  organic  matter  can  be  harvested 
from  a  unit  area  covered  with  plants  of  different  species).  From  the  point 
of  view  of  a  theorist,  comparison  should  be  based  on  unit  cell  volume,  or 
unit  chlorophyll  content,  rather  than  on  unit  area.  Willstatter  and  Stoll 
(1918)  designated  the  maximum  quantity  of  carbon  dioxide  that  can  be 
reduced  in  unit  time  by  unit  quantity  of  chlorophyll  in  a  cell  or  tissue  as 
“assimilation  number”  ( vA  in  Table  28. V),  and  the  shortest  time  in  which 
one  molecule  of  chlorophyll  can  reduce  one  molecule  of  carbon  dioxide 
(Ta  in  Table  28. V)  as  “assimilation  time.”  (These  constants  will  be  ana¬ 
lyzed  in  chapter  32.) 

We  designated,  in  chapter  27,  the  maximum  rate  of  photosynthesis,  at 
a  given  light  intensity,  reached  with  saturating  concentrations  of  carbon 
dioxide,  by  Pmax.;  we  can  use  the  symbol  Pmax  for  the  maximum  rate 
reached  at  a  given  carbon  dioxide  concentration,  when  light  intensity  be¬ 
comes  saturating ;  and  the  symbol  PSS;  for  the  “absolute”  maximum  rate, 
obtained  when  both  carbon  dioxide  supply  and  light  intensity  are  saturat- 

k  Table  28. V  shows  that  for  the  leaves  of  land  plants  the  values  of  Pmax. 
generally  are  of  the  order  of  20  mg.  C02/hr.  100  cm.2  of  leaf  surface,  and 
sometimes  reach  80-90  mg.  Even  aurea  leaves,  despite  their  very  low 
content  of  chlorophyll,  constitute  no  exception.  Only  some  algae i  and 
aquatic  plants  investigated  by  Kniep  (1914),  Emerson  an Cj»  (4934) 
and  Gessner  (1938)  fell  far  short  of  this  production.  A  yield of  20-8 0  mg. 
COj/100  cm.’  hr. — assuming  it  is  reached  m  light  of  40  hlux,  % 
is  absorbed  by  the  leaf-corresponds  to  the  conversion  into  chemical  en¬ 
ergy  of  4  to  16%  of  absorbed  light  energy  (in  the  photosynthet.cally  active 
region,  400-700  m»),  and  thus  to  a  quantum  yield  between  04)18  U)  d 
0  07  (Hi)-  (This  estimate  is  based  on  factors  given  in  chaptei  25.) 
relation  of  these  yields,  obtainable  in  stray  light,  to  the  maximum  qu n 
nun  yields  observed  in  weak  light  will  be  discussed  n,  chapte.  29^  In  the 
case  of  aurea  leaves,  the  quantum  yield  in  the  light-saturated  state  appeal- 
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to  be  higher,  since  roughly  the  same  yield  of  carbon  dioxide  reduction  is 
obtained  here  with  a  lower  light  absorption.  However,  the  average  ab¬ 
sorption  of  white  light  by  aurea  leaves  can  vary,  depending  on  their  actual 
chlorophyll  content,  from  as  low  as  30%  or  less,  to  as  high  as  75%  of  that 
of  normal  green  leaves  of  the  same  species.  An  estimate  of  the  quantum 
yield  in  the  light-saturated  state  requires  therefore  that  absorption  de¬ 
terminations  and  yield  measurements  be  performed  on  the  same  specimens. 


The  fact  that  aurea  leaves  may  absorb  only  a  slightly  smaller  propor¬ 
tion  of  incident  light  than  normal  green  leaves,  caused  Seybold  and  Weiss- 
weiler  (1942)  to  consider  their  higher  “assimilation  numbers”  (table  28. V) 
as  irrelevant  (and  not — as  assumed  by  Willstatter  and  Stoll — as  a  sign  of 
exceptionally  high  capacity  for  photosynthesis).  However,  the  capacity 
for  photosynthesis  in  the  light-saturated  state,  is  not  a  function  of  the 

efficiency  of  light  absorption,  but  a  measure  of  the  amount  of  a  limiting 
enzyme  present  in  the  cells.  The  values  of  for  aurea  leaves  show  that 
in  these  leaves  an  abnormally  low  chlorophyll  content  is  not  accompanied 
by  a  proportional  reduction  in  the  content  of  the  rate-limiting  enzyme. 

Yields  obtained  by  Noddack  and  Kopp  (1940)  with  Chlorella  pyren- 
oidosa,  if  related  to  dry  weight,  are  higher  than  those  given  for  most  land 
plants  in  Table  28. V.  However,  because  of  the  high  concentration  of 
chlorophyll  in  Chlorella  (3-4%,  instead  of  0.5  to  1%  in  leaves),  the  assimila¬ 
tion  numbers  are  not  higher,  but  somewhat  lower,  and  the  assimilation 
times  somewhat  longer  than  those  given  by  Willstatter  and  Stoll  for  the 
leaves  of  the  higher  plants. 

Like  the  maximum  quantum  yield  (at  low  light  intensity),  the  maximum 
rate  of  photosynthesis  (in  strong  light)  is  a  constant  of  the  plant,  i.  e.,  it  is 
independent  of  the  optical  density  of  the  selected  material.  The  only  ex¬ 
ternal  factor  that  affects  it  (apart  from  the  presence  of  poisons  or  inhibi¬ 
tors)  is  temperature  (as  illustrated  by  figs.  28.G-28.8).  It  is  difficult,  if  not 
impossible,  to  define  the  absolute  maximum  rate  of  photosynthesis  also 
as  a  function  of  temperature.  In  short  experiments,  the  highest  rates  can 
be  obtained,  with  plants  adapted  to  moderate  conditions,  at  about  35°  C.; 
but,  in  prolonged  experiments,  “heat  inhibition”  is  apt  to  occur  even  at 
temperatures  as  low  as  22-25°  C.  (c/.  chapter  31).  We  have  used  in 
fable  28. V,  mostly  values  obtained  at  18-20°  C.,  which  are  certainly  smal¬ 
ler  than  the  highest  efficiencies  of  which  most  of  the  investigated  plants 
were  capable  at  higher  temperatures,  at  least  for  short  periods  of  time. 

The  maximum  rate  of  photosynthesis  of  a  species  or  individual  plant 
depends  on  adaptation  to  strong  or  weak  light.  As  described  on  p  986 
shade-adapted  species  or  individuals  generally  have  a  lower  “ceiling  rate  ” 
indicating  a  decreased  content  of  a  rate-limiting  catalyst.  In  addition 
they  often  show  an  early  onset  of  light  inhibition  (c/.  fig  28  19) 
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Since  inhibition  by  excess  light  is  a  time  effect  ( cf .  chapter  19),  the 
values  of  shade-adapted  plants  change  with  the  duration  of  illumination. 
We  recall  in  this  connection  the  time  curves  that  Harder  (1933)  found  for 
Fontinalis  antipyretica  (fig.  26.8).  The  general  impression  made  by  these 
complex  curves  was  that  photosynthesis  declined  with  time  (i.  e.,  the  plants 
suffered  light  injury)  whenever  the  illuminating  light  was  more  intense 
than  the  light  to  which  the  specimens  were  accustomed  during  the  growth 
period. 

It  was  noted  on  page  987  that  in  the  shade-adapted  plants  the  apparent 
lower  content  of  the  enzyme  responsible  for  the  absolute  saturation  of 
photosynthesis  is  coupled  with  a  higher  content  of  chlorophyll.  We  will 
encounter,  in  chapter  32,  other  cases  in  which  the  content  of  the  rate- 
limiting  enzyme  appears  to  be  independent  of  that  of  chlorophyll  ( Chlorella 
cells  grown  in  strong  or  weak  light,  cf.  Tables  25.1  and  28. V;  green  and 
aurea  varieties  of  land  plants  which  were  mentioned  above,  cf.  Table  28. V 
and  fig.  32.2)  as  well  as  cases  in  which  these  two  concentrations  change  in 
the  same  direction  ( Chlorella  cells  made  chlorotic  by  iron  deficiency,  cf. 
figs.  32.3  and  32.4). 


The  shape  of  the  light  curves  of  shade-adapted  plants  has  been  much  discussed  in  the 
ecological  literature,  particularly  in  relation  to  the  photosynthetic  production  of  aquatic 
plants  at  different  levels  under  the  surface.  Even  green  algae,  or  submerged  higher 
plants,  found  only  a  few  meters  under  the  surface,  which  should  not  have  acquired  ex¬ 
treme  umbrophilic  characteristics,  were  observed  to  produce  a  maximum  of  oxygen  when 
placed  at  a  certain  depth,  and  to  show  light  inhibition  when  exposed  to  direct  sunlight. 
This,  however,  might  have  been,  at  least  in  part,  a  thermal  effect.  Much  more  pro¬ 
nounced  optima  on  yield  vs.  depth  curves  were  reported  for  the  photosynthetic  efficiency 

of  colored  (brown  or  red)  algae  at  different  levels  under  the  sea. 

Ruttner  (1926)  and  Schomer  (1934)  observed  that  several  aquatic  higher  plants 
<E loL  MyriophyUum,  Ceratkopyllum)  had  a  maximum  efficiency  1,5  meters  under 
f  C'urtis  and  Juday  (1937)  found  similar  optima  for  the  green  algae  Ana- 
boena  and  Glocthm  (in  9-10  meter  depth).  Van  der  Paauw  (1932)  found  ttiat 
dium  crown  in  a  light  of  2000  lux  suffered  light  inhibition  at  5000  lux.  On  the  other 

grown  *Me°  plants  m  lamp  light  ^  inhibition  He  suggested  that  the 

“pl^epth  optimum  of  *Ua  £  ca-d 

gP;ru"^ 

blue-violet  light  to  green  light,  on  the  surface,  and  this 

supply  conditions  are  more  avo  ,  .  illumination  remains  suf¬ 

fuses  the  rate  to  increase  with  increasing  depth,  as  long 

ficient  for  light  saturation.  # 

Engelmann  suggested  (see  chapter  10,  pag 
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and  especially  of  red,  algae  is  the  result  of  chromatic  adaptation  to  the 
predominantly  bluish-green  light  that  prevails  deep  under  the  sea;  Berth- 
old  (in  1882)  and  Oltmanns  (in  1905),  on  the  other  hand,  thought  that 
colored  algae  are  adapted  not  so  much  to  the  spectral  composition  of  light 
in  their  natural  habitats  as  to  its  low  intensity.  The  ensuing  controversy— 
which  led  to  almost  complete  vindication  of  Engelmann’s  theory  of  chro¬ 
matic  adaptation — will  be  discussed  in  chapter  30.  However,  the  funda¬ 
mental  importance  of  chromatic  adaptation  for  the  composition  of  the 
pigment  system  of  deep-sea  algae  does  not  mean  that  these  algae  are  not  also 
adapted  to  low  light  intensity  and  do  not  use  the  same  mechanism — shifts 
in  relative  concentrations  of  red,  blue  and  green  pigments — for  chromatic 
as  well  as  for  intensity  adaptation  (cf.  Harder  1923). 


studipd  esponse  °f  colored  algae  from  different  depths  to  intense  illumination  has  been 
noq  w  T  ^  by  MaUcha  (1924’  1927)’  Marshall  and  Orr  (1927,  1928)  Ehrke 
934  rr  JUoay  (193?)  and  Particularly  by  Montfort  (1929,  1930,  1933  9* 
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the  blue  alga  Giyartina  behaved  like  a  typical  shade  plant,  whereas  the  violet,  deep-water 
form  of  the  same  species,  rich  in  phycocyanin,  maintained  its  photosynthesis  at  full  ef¬ 
ficiency  even  in  direct  sunlight. 


6.  Maximum  Rate  and  Average  Rate  of  Photosynthesis 
under  Natural  Conditions 

The  curve  corresponding  to  [CO2]  =  0.03%  is  theoretically  not  more 
important  than  any  other  light  curve  of  photosynthesis,  but  its  saturation 
value  has  a  considerable  interest  because  it  represents  the  maximum,  rate 
of  production  of  organic  matter  by  land  plants  in  the  open  air.  (In  dense 
growth,  or  under  otherwise  abnormal  conditions,  the  concentration  of  car¬ 
bon  dioxide  may  vary  between  0.0 1  and  0.1%,  and  this  must  affect  the 
maximum  rate  of  photosynthesis  in  some  natural  habitats.) 

It  was  stated  in  chapter  27  that  with  0.03%  carbon  dioxide,  and  in 
intense  light,  the  supply  of  carbon  dioxide  has  a  consideiable  rate-limiting 
influence,  and  the  saturation  value  may  therefore  be  below  the  “absolute” 
maximum,  at  the  same  temperature.  Table  28. VI  contains  some 

relevant  experimental  data  (for  a  more  extensive  table,  see  btockei  1935). 
Most  figures  in  this  table  represent  the  net  consumption  of  carbon  dioxide. 
For  strongly  photosynthesizing  plants,  the  corresponding  values  of  true 
photosynthesis  are  10-15%  higher;  but  for  weakly  photosynthesizing 
plants  (e.  g.,  the  arctic  plants  investigated  by  Muller)  the  difference  may 
be  much  larger,  as  illustrated  by  the  figures  in  parentheses.  Table  28.VI 
contains  some  striking  contradictions,  which  remain  to  be  elucidated. 

There  is  a  general  contrast  between  the  P . “  values  found  by  Boysen- 

Jensen  and  co-workers  (usually  1-10  mg.  C02/hr.  100  cm.’,  with  the  largest 
single  values  not  exceeding  20-25  mg.),  and  the  much  larger  values  reported 
-often  for  the  same  species  and  under  similar  climatic  conditions-by 
Kostychev  and  other  Russian  plant  physiologists  (usually  1<M0  mg. 
C02/hr.  100  cm.2,  with  the  largest  single  values  reaching  80  01  100  g... 

Only  in  the  case  of  arcUc  plants  is  thee  an  approximate  agreement  between  Boyscn- 
the  table)  is  lo  mg.,  <-  /with  tho  pxppDtion  of  the  early  determina- 

English,  Japanese  and  German  measuu  men  ^  The  average  of  the 

tions  of  Sachs  carried  out  by  the  ha  -  ea  g  ^  ^g  The  resuits  obtained  by 

Russian  analyses,  listed  in  sec  ion  ^  ^determination  of  the  synthesized  assim- 

*  - - — “ 

tion  of  absorbed  carbon  dioxide. 

•  1  a  ofiR  thnt  Kostvchev  and  co-workers  attiibuted 

rapid  gas  circulation. 
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This  was  denied  by  Boysen-Jcnscn  and  Muller  (1929);  but  one  notices 
in  Table  28. VI  that  the  newer  measurements  of  the  Danish  school  have 
given  somewhat  higher  values  than  those  of  1918-1929,  and  thus  reduced 
the  discrepancy  between  the  averages  in  sections  B a  and  Be  to  a  factor  of 
about  2; 

In  section  C,  containing  plants  from  arid  zones,  we  find  a  similar  dis¬ 
crepancy  between  the  result  of  Harder  and  co-workers  in  Algeria,  and  Wood 
in  Australia  (1-10  mg./hr.  100  cm.2),  and  those  of  Kostychev  and  Kardo- 
Sysojeva  in  Central  Asia  (20-70  mg.). 

In  section  I),  practically  all  the  listed  values  fall  into  the  range  1-10  mg.  (no  Russian 
measurements  are  listed  here,  rf.  however,  tin*  data  of  Kostychev  and  Kursanov  for 
the  .subtropical  vegetation  of  the  Black  Sea  littoral  in  section  Be). 

In  the  group  of  alpine  plants  (section  E),  Monch  (1937)  and  the  Russians 
agree  in  finding  the  highest  yields  ever  recorded  under  natural  conditions. 
Earlier,  Henrici  (1918)  had  reported,  for  the  alpine  plant  Beilis  perennis, 
a  yield  of  232  mg.  C02/hr.  100  cm.2  This  value  appears  so  incredibly 
high  that  we  did  not  include  it  in  Table  28. VI;  but  even  the  results  of 
Blagoveshchenskij  (1935)  and  Monch  (1937)  (90-100  mg./hr.  100  cm.2) 
indicate  remarkably  high  quantum  yields  (of  the  order  of  one  CO>  mole¬ 
cule  reduced  per  twenty  quanta,  in  light  of  80  klux,  and  with  not  more  than 
0.03%  C02  present). 


It  should  not  be  assumed  that  the  carbon  dioxide  concentration  was  exactly  0.03% 
in  all  measurements  listed  in  Table  28. VI.  In  Blagoveshchenskij 's  experiments  in  the 
Pamir,  for  example,  the  [C02]  assays  varied  between  0.01  and  0.02%,  and  the  highest 
yields  were  obtained  at  the  latter  concentration  (which  is  still  considerably  below  the 
normal  value  of  0.03%).  Stocker  found,  in  the  undergrowth  of  the  tropical  forest, 
[(  02]  values  up  to  0.04%.  (Compare  also  data  given  in  Chapter  27,  page  902.) 


1  o  sum  up,  it  is  certain  that  plants  growing  in  moderate  climates  can 
reduce,  in  their  natural  habitats  and  under  favorable  conditions,  20  or  30 
mg.  CO,  per  hr.  per  100  cm.2  of  leaf  surface;  but  it  is  much  less  certain 
whether  any  plants— desert  and  alpine  plants  not  excluded— are  capable  of 
yields  up  to  100  mg./hr.  100  cm.2,  as  is  suggested  by  the  measurements  of 
Kostychev,  Monch  and  Blagoveshchenskij. 

wl11  now  ,lls<  uss  the  relation  between  the  maximum  yield  of  photo- 
SyntheS,s  of  which  leaves  are  capable  under  favorable  natural  conditions 

Zt/lZbTes  Ct‘0n  °f  matter  by  Wh°le  P,ants  W 

Land  plants  in  the  open  air,  exposed  to  the  sun,  can  be  expected  to  main- 
cioVfor ak°ve"%lmated  rate  of  photosynthesis  (about  20  mg./hr.  100 
‘Ciid  ",es  /“or,  ml  (barring  SUch  Phenomena  as  the 

mnldayiest  ,  cf.  chapter  26).  The  intensity  of  illumination  is  sufficient 
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Average:  24  (S) 

°  Figures  in  parentheses  are  estimated  rates  of  true  photosynthesis.  All  data  were  obtained  by  carbon  dioxide  determination,  except 
those  marked  bv  an  asterisk,  which  were  obtained  by  the  assay  of  assimilates. 

6  Pmnn  =  —  R ;  in  mg.  C02/100  cm.2  hr.  c  Maximum  observed  values.  d  Average  values. 
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or  almost  sufficient,  for  light  saturation  during  most  of  the  day,  unless  the 
sky  is  heavily  overcast.  On  the  other  hand,  the  carbon  dioxide  supply, 
under  natural  conditions,  may  often  be  less  constant  than  it  is  in  labora¬ 
tory  experiments  with  a  circulating  gas  containing  0.03%  carbon  dioxide 
and  this  may  cause  considerable  variations  in  the  rate  of  photosynthesis. 
In  quiet  open  air,  a  carbon  dioxide-deficient  air  layer  will  form  around  the 
plants,  and  cause  a  decline  in  rate,  while  the  exhalations  of  the  ground, 
which  contain  carbon  dioxide  produced  by  the  decay  of  organic  matter  and 
by  the  respiration  of  the  roots,  can  be  caught  in  the  foliage,  and  can  provide 
an  increased  supply  of  carbon  dioxide  (c/.  page  902).  A  certain  amount  of 
carbon  dioxide,  of  the  same  origin,  also  may  reach  the  leaves  with  the  trans¬ 
piration  flow  from  the  roots  ( cf .  page  910). 

Thus,  variations  in  the  supply  of  carbon  dioxide,  under  natural  condi¬ 
tions,  may  be  considerable,  and  these  variations,  more  than  alterations  in 
the  intensity  of  illumination,  may  cause  the  rate  of  photosynthesis  of 
land  plants  to  vary  from  location  to  location,  and  to  fluctuate  with  time 
in  a  given  location.  The  same  appears  to  be  true  of  the  multicellular 
aquatic  plants.  As  mentioned  on  page  878,  Gessner  (1937)  found  that  the 
decline  in  rate  of  photosynthesis  of  higher  aquatic  plants  with  time,  re¬ 
ported,  among  others,  by  Arnold,  was  largely  caused  by  insufficient  circu¬ 
lation  of  water.  Although  the  carbonates  contained  in  natural  waters 
(particularly  hard  waters)  represent  a  considerable  reserve  of  carbon  di¬ 
oxide,  the  diffusion  of  dissolved  electrolytes  is  so  slow  that  a  carbon  dioxide- 
deficient  alkaline  layer  can  easily  be  formed  around  a  submerged  plant. 


Gessner  (1938)  found  (cf.  Table  28.V)  a  rather  low  value  (7.0  mg./hr.  100  cm.  ) 
for  the  maximum  rate  of  carbon  dioxide  reduction  by  Potornageton  cnspus  ut  hard  tap 
water;  the  value  for  Potornageton  perfoliatus  was  even  lower  (4.8  mg.  C02/hr.  100  cm.  h 
These  yields  are  less  than  one  third  of  those  of  land  leaves  m  ordinary  air  and  five  to 
ten  times  smaller  than  the  maximum  yields  produced  by  land  leaves  provided  with  an 
abundant  supply  of  carbon  dioxide.  This  indicates  that  Gessner  s  water  plants  might 

smaller  than  in  ordinary  leaves.) 

its,.™ .«» i. «. 
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much  affected  by  limitations  of  carbon  dioxide  supply. 
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In  addition  to  vagaries  of  carbon  dioxide  supply,  other  external  factors, 
such  as  variations  in  temperature  and  humidity,  and  internal  changes  re¬ 
sponsible  for  permanent  “aging”  and  temporary  “resting”  of  plants,  also 
affect  the  average  rate  of  photosynthesis  under  natural  conditions.  And 
lastly,  variations  in  the  brightness  of  the  daylight,  even  though  less  im¬ 
portant  than  one  is  at  first  inclined  to  believe,  certainly  affect  the  yield  of 
photosvnthesis,  particularly  in  the  case  of  species  adapted  to  stiong  light. 

We  estimated  in  chapter  1  the  average  conversion  yield  of  incident  solar 
energy  as  1.5  to  6%  (assuming  20  klux  as  the  average  intensity  of  illumina¬ 
tion).  We  will  now  compare  this  estimate  with  the  results  of  several  inves¬ 
tigations  in  which  the  determination  of  the  yield  of  photosynthesis  under 
natural  conditions  was  combined  with  the  measurement  (or  estimation)  of 
the  solar  radiation  that  fell  upon  the  plants  during  the  same  period.  These 
investigations  can  be  divided  into  two  groups:  experiments  of  short  dura¬ 
tion  (several  hours),  and  studies  lasting  several  weeks  or  months.  Table 
28.VII  contains  the  results  of  three  short-time  experiments.  The  figures 
of  Brown  and  Escombe  were  obtained  in  the  same  investigation  that  gave 
the  low  absolute  yields  listed  in  Table  28. VI;  the  conversion  yields  were 
correspondingly  low  (of  the  order  of  1%  of  incident  energy,  or  an  estimated 
2.5%  of  the  visible  radiation  absorbed  by  the  plants).  The  figures  of  Pure- 
vich  and  Bose  are  considerably  higher,  and  can  be  placed  alongside  the 
higher  absolute  reduction  rates  found  by  Willstatter  and  Stoll  in  5%  carbon 
dioxide  (Table  28. V),  and  by  many  recent  investigators  in  ordinary  air 
(Table  28. VI). 


Table  28. VII 

Energy  Conversion  under  Natural  Conditions 

Author 

Plant 

Incident 
energy,  % 
converted 

Absorbed 
energy, 
(400-700  mu) 
%  converted 

Brown,  Escombe  (1905) 

Polygonum  weyrichii 

0 . 5  to  1 . 71 

Tropaeolum  mo  jus 

Patasites  albus 

0.8  to  1.4 

1 . 1  to  1 . 3 

►  2.5“ 

Purevich  (1914) 

Helianthus  annuus 

Acer  platanoides 

0.3  to  0.7. 
0.6  to  2.7] 

Polygonum  sacchalinensis 
Helianthus  annuus 

1.1  to  7.7 
4.5 

>  7.5“ 

Bose  (1924) 

Saxifraga  cordifolia 

Hydrilla 

5.0 

6.7 

°  This  average  conversion  of  absorbed  energy  was  obtained  bv  multinlvinp-  tin 

S-nTnTf8'0,"  enagy  by  2  5  <'««>'  2  to  account  "or  f«  rS  and in fm rid 

,  and  factor  1.25  to  account  for  reflection  anfl  transmission  of  visible  light). 


aver- 

radia- 


V  e  decided  above  that  the  larger  reduction  rates  are  likely  to  be  the 
correct  ones.  (We  mean  values  of  the  order  of  20-25  mg./hr.  100  cm.2 
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in  ordinary  air,  and  30-40  mg.  in  air  enriched  with  carbon  dioxide,  and  not 
the  much  higher  yields  found  by  Blagoveshchenskij,  or  Monch.)  We 
therefore  suggest  that  in  Table  28. VI,  too,  the  results  of  Purevich  and  Bose 
should  be  given  preference  over  those  of  Brown  and  Escombe.  However, 
the  whole  problem  is  in  need  of  renewed  and  more  exact  experimental 
analysis,  which  alone  could  link  the  rate  of  photosynthesis  under  natural 
conditions  (strong  illumination  and  limited  carbon  dioxide  supply)  to 
the  much  better  known  rates  in  weak  light  and  in  the  presence  of  an  ample 
amount  of  carbon  dioxide. 

We  now  turn  to  experiments  of  longer  duration,  in  which  the  total  yield 
of  photosynthesis  of  an  assemblage  of  plants  was  compared,  over  an  ex¬ 
tended  period  of  vegetation,  with  the  integral  of  insolation  over  the  same 
period. 

Noddack  and  Komor  (1937)  studied  two  plots  of  grass,  one  of  9  m.2 
and  another  of  74  m.2  In  two  consecutive  periods  of  20  days  each,  they 
measured  the  total  solar  radiation  falling  on  these  two  plots,  f  I  dt)  after 
this,  the  grass  was  mowed,  dried  and  combusted,  and  the  heat  of  combus¬ 
tion,  A Hc,  was  measured.  Here  are  the  results:  total  irradiation  in  20 
days,  2.G  X  103  cal./cm.2  (average  irradiation  0.0015  cal./cm.2  sec.,  or  ap¬ 
proximately  0000  lux) ;  'proportion  of  incident  energy  stored  in  the  hay,  first 
plot,  A Hc/ f  I  dt  =  0.67%  (first  period)  and  0.80%  (second  period),  sec¬ 
ond  plot,  0.41%  and  0.04%,  respectively. 

In  these  measurements,  the  growth  ol  the  root  system  was  not  taken  into 
consideration.  This  correction  is  difficult  to  estimate;  but  it  should  bring 
the  average  value  of  A Hc/  J'l  dt  up  to  almost  1%,  and  t  (—  A HJ  f  *4  dt) 


close  to  2.5%. 

In  comparing  these  results  with  those  of  the  short-time  experiments 
listed  in  Table  28. VII,  one  has  to  consider  that  some  obvious  factors  tend 
to  decrease  the  long-time  average  value  of  energy  conversion  by  a  large 
assemblage  of  plants  growing  under  natural  conditions  compared  with 
that  of  a  few  isolated  plants  or  leaves,  averaged  over  a  few  hours  o  hill 
sunlight;  but  that  other  less  obvious  factors  may  act  in  the  opposite  direc¬ 
tion.  Such  favorable  factors  are  the  lower  average  light  intensity  (which 
decreases  f  I  dt  without  reducing  strongly  the  rate  of  photosynthesis), 
and  possibly,  partial  retention  of  the  respiratory  gases  in  the  dense  foliage 
permitting  ^utilization  of  exhaled  carbon  dioxide.  On  the  unfavomb 
Me  we  can  anticipate  that  in  a  large  assemblage  of 
proportion  will  not  be  in  a  healthy  state,  and  others  will  be  estmg 
sometimes  the  temperature  will  be  too  low  for  maximum  Pho  'tosyn ^ 
efficiency;  sometime  it  will  be  so  high  as  to  cause  inhibition  f.  ‘P 
31).  Some  leaves  will  lie  in  the  shade  of  others,  at  least  par  o  he  V- 
These  unfavorable  influences  seem  to  predominate,  judge  . 
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that  the  average  yields  of  Noddack  and  Komor  are  two  to  three  times 
smaller  than  the  most  reliable  short-time  averages  in  Table  28. VII. 

The  measurements  of  Noddack  and  Komor  represent  the  only  available 
parallel  large-scale  measurements  of  irradiation  and  production  of  organic 
matter  by  plants.  There  is,  however,  no  dearth  of  estimates,  often  on  a 
much  larger  scale,  based  on  agricultural  and  meteorological  statistics.  They 
have  been  mentioned  in  chapter  1,  where  we  used  them  for  the  estimation 
of  the  total  yield  or  organic  synthesis  on  earth.  We  will  now  consider 
these  estimates  somewhat  closer.  Putter  (1914)  took  the  insolation  data 
from  observations  of  the  brightness  of  daylight  carried  out  by  Weber  in 
Kiel,  Germany,  over  a  period  of  several  years,  and  used  the  relation  1  lux 
=  6.3  erg/cm.2  sec.  to  calculate  the  corresponding  energy  flux.  He  cal¬ 
culated,  for  the  total  irradiation  over  a  year,  35.3  kcal./cm.2,  corresponding 
to  an  average  illumination  intensity  of  about  7000  lux. 

For  the  calculation  of  the  heat  of  combustion  of  the  synthesized  organic 
matter  Putter  used  estimates  of  “exceptionally  high”  crops  from  agricul¬ 
tural  yearbooks;  he  then  added  the  (estimated)  heat  of  combustion  of  the 
roots  and  stubbles,  and  subtracted  the  heat  of  combustion  of  the  seed. 
Thus  he  obtained  values  for  A Hc;  for  the  calculation  of  f  Idt,  he  inte¬ 
grated  Weber’s  data  over  the  periods  of  vegetation  of  the  several  crops,  and 
subtracted  the  energy  of  infrared  radiations  (above  1  /x).  (It  would  be  more 
reasonable  to  subtract  all  radiations  above  0.7  n,  since  light  between  700 
and  1000  m/z  probably  is  not  used  for  photosynthesis  at  all,  cf.  chapter  30.) 
Table  28. VIII  shows  some  of  Putter’s  results.  In  the  last  column,  the 
conversion  yields  are  corrected  for  losses  by  respiration,  estimated  at  15% 
of  the  weight  increase  due  to  photosynthesis  during  the  vegetation  period. 


Tabus  28.VIII 

Energy  Conversion  by  Field  Plants  (after  Putter  1014) 


Total 
irradiation 
<lji  during 
_  vegetation, 

*-'roP  J~  Idt,  kcal./cm, 


Summer  wheat 
Summer  rye. .  . 
Summer  barley 

( )ats . 

Potatoes . 

Beets . 

Clover . 


22.2 
20.0 
12.3 
21  .8 
25.0 
30.0 
13. G 


A  Hr, 

kcal./cm.2 

A  He/ f  Idt, 

% 

Mlc/f  Idt, 
corr.  for 
respiration, 

% 

0.63 

2.8 

3.3 

0.47 

2.3 

2.6 

0.30 

3.2 

3.7 

0.63 

2.0 

3.3 

0 . 65 

2.6 

3.0 

0.55 

1.8 

2  1 

0.62 

4.6 

5.2 

The  average  conversion  yield  in  Table  28. VIII  is  3.3%,  referred  to  inci- 
ent  radiation  below  1  This  corresponds  to  2.3%  referred  to  the  total 

“win"  "tC  Pmtcr’b°Ut  ®%  the  abs°rbed  radiation  below 

,  Putter  s  average  value  is  two  to  three  times  larger  than  the 
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experimental  yields  of  Noddack  and  Komor,  and  about  equal  to  the  highest 
short-time  averages  of  Purevich.  Putter  attributed  these  comparatively 
high  values  to  conditions  that  favor  large-scale  field  experiments  (particu¬ 
larly  to  the  carbon  dioxide  supply  from  the  ground) .  However,  it  seems  more 
likely  that  his  conversion  yields  were  overestimated.  An  error  by  a  factor 
of  about  1.5  could  have  been  caused  by  the  use  of  too  low  a  factor  for  the 
conversion  of  lux  into  energy  units  (in  chapter  25  we  stated  that,  in  sun¬ 
light,  one  lux  corresponds  to  about  10  erg/cm.2  sec.,  while  Putter  used  a 
factor  of  6.3).  Another  error  in  the  same  direction  may  have  been  intro¬ 
duced  by  the  comparison  of  exceptional  crops  with  average  insolation  data. 

Spoehr  (1926),  who  made  calculations  similar  to  those  of  Putter,  but 
took  into  consideration  only  the  grain  in  the  field  crops  and  the  utilizable 
timber  in  the  forests,  obtained  much  lower  values  of  energy  conversion— 
e.  g.,  0.13%  of  total  incident  radiation  for  a  wheat  field,  and  0.35%  for  a 
forest  of  fast-growing  eucalyptus  trees.  Similar  figures  were  obtained,  for 
forest  trees,  by  Boysen-Jensen  (1932).  These  calculations  were  intended 
to  estimate  the  practical  efficiency  of  plants  as  converters  of  solar  energy 
so  that  stalks,  husks  and  roots  of  the  wheat  plants,  and  leaves  and  roots 
of  the  trees  were  neglected  altogether;  but  the  consideration  of  these 
terms  could  scarcely  more  than  double  the  calculated  conversion  yields 
which  would  thus  become  comparable  to  the  results  of  Noddack  and  Ko¬ 
mor,  but  could  never  approach  the  much  higher  figures  of  Putter.  To  sum 
up,  it  seems  that  1%  of  total  incident  solar  energy,  and  about  2.5%  of  ab¬ 
sorbed  visible  radiation,  represent  a  fair  estimate  of  the  average  utilization 
of  light  energy  by  field  crops  and  forests,  during  the  summer  vegetation 
period  under  moderate  climatic  conditions.  The  average  quantum  yield 
of  photosynthesis  under  these  conditions  is  of  the  order  of  0.01  (1  molecule 

C02  reduced  per  100  visible  quanta  absorbed).  .  Tn 

Analysis  of  the  data  on  plankton  production  in  the  sea  (c/.  Table  1.  J 
led  Rilev  (1941)  to  the  conclusion  that  the  average  utilization  of  light  eneigy 
falling  on  the  surface  of  the  sea  is  between  0.6  and  0.8%,*  i.  e.,  similar  to 
average  utilization  of  light  by  fields  and  forests.  However,  in  the  ocean, 
vegetation  develops  more  or  less  uniformly  throughout  the  year;  and  ex¬ 
cept  for  the  part  of  the  Arctic  seas  covered  by  ice,  there  are  no  large  barren 
regions  in  the  ocean  comparable  to  the  deserts  or  glaciers  on  the  surface  of 
the  earth.  These  differences  weigh  heavdy  in  favor  °f  the  oceans 
main  producers  of  organic  matter  on  earth  (c/.  1  able  UiJ- 

In  Chapter  1  (page  9)  we  made  one  more  step  and  calculated  the 

total  production  of  organic  matter  on  earth  by  assuming  that  the  aveia^eyie 
,.  y  •  nf  tv.p  pnerav  of  visible  radiations  absorbed  by  the  plant. 
2%”in! <£ ™%  of  the  total  MM  ‘^energy).  Now, 
*  Lanskaja  and  Sivkov  (1950)  gave  much  higher  figures,  3  14  ,0. 
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after  having  analyzed  the  foundations  of  this  estimate,  we  feel  certain  that 
its  order  of  magnitude ,  at  least,  is  secure  even  though  the  figuie  given  may 
be  in  error  by  as  much  as  a  factor  of  two. 


7.  Interpretation  of  Light  Curves 


(a)  Influence  of  Inhomogeneity  of  Light  Absorption 


The  nonuniform  illumination  and  supply  of  reactants  in  photosynthesis 
were  discussed  in  general  terms  in  chapter  26  (section  2).  In  chapter  27, 
while  dealing  with  the  carbon  dioxide  curves,  we  noted  that  these  curves 
can  be  strongly  affected  by  concentration  gradients,  which  arise,  particu¬ 
larly  during  intense  photosynthesis,  between  the  external  medium  and  the 
immediate  neighborhood  of  the  chloroplasts.  Similarly,  the  light  curves 
may  present  a  strongly  distorted  picture  of  the  intrinsic  relationship  be¬ 
tween  the  rate  of  light  absorption  and  the  yield  of  photosynthesis,  because 
a  considerable  gradient  of  light  intensity  often  must  exist  between  the  light- 
exposed  and  the  shaded  chlorophyll  molecules.  Even  within  a  single 
chloroplast  the  rate  of  light  absorption  may  decrease  by  a  factor  of  five  or 
ten  from  the  light-exposed  to  the  shaded  side;  or,  in  the  case  of  diffuse  il¬ 
lumination,  from  the  surface  to  the  center  of  the  plastid.  In  suspensions 
containing  millions  of  cells,  as  well  as  in  leaves  or  thalli,  the  heterogeneous 
nature  of  light  absorption  is  further  enhanced  by  the  mutual  shading  of 
the  numerous  chloroplasts  (c/.  fig.  26.5).  Consequently,  the  light  curves 
of  different  specimens  of  one  organism,  even  if  they  all  have  the  same  con¬ 


tent  of  all  the  relevant  pigments  and  catalysts  and  are  investigated  under 
the  same  external  conditions,  may  nevertheless  differ  in  shape,  depending 
on  optical  density  (i.  e.,  the  number  of  cells  per  square  centimeter  in  an 
algal  suspension,  or  the  thickness  of  a  leaf  or  thallus).  The  assumption  of 
equal  content  of  catalysts  may  itself  be  incorrect;  for  example,  the  cells 
of  the  spongy  parenchyma  may  be  adapted  to  weaker  light  (and  thus  con¬ 
tain  less  of  certain  catalysts)  than  the  leaves  of  the  palisade  tissue. 

Let  us  consider,  as  the  simplest  example,  two  suspensions  of  identical 
cells— one  optically  thin  (e.  g.,  transmitting  80%  of  incident  light),  the  other 
optically  dense  (*.  g  absorbing  80%  of  incident  light).  There  is  no  reason 
(as!de  from  the  phenomena  of  “self-inhibition”  by  metabolic  products 
mentioned  in  chapter  25)  why  these  suspensions  should  differ  in  the  maxi- 
mum  quantum  yield  at  low  light  intensities,  or  in  the  maximum  yield  per 
chlorophyh  molecule  m  strong  light.  However,  the  transition  from  fhe 

sh-unlr  iTth  "  r T  '!\the  horizontal  Part  o!  the  light  curves  will  be 
sharpei  ,n  the  optically  thin  system  (where  saturation  occurs  more  or  less 

simultaneously  in  all  cells),  and  more  gradual  in  the  optically  de^  system! 
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where  saturation  sets  in  at  the  surface  of  the  vessel  and  spreads  inward  with 
increasing  intensity  of  illumination. 

Figure  28.20  shows,  in  a  qualitative  way,  the  expected  differences  in 
the  plots  of  the  absolute  rate  of  photosynthesis,  P,  and  the  relative  satura¬ 
tion,  P/Pmax  ,  against  the  incident  energy  flux,  7,  and  the  absorbed  energy, 

la. 

If  the  rate  of  photosynthesis,  P,  is  plotted  against  the  incident  light 
intensity,  /,  as  independent  variable  (curves  1),  Ihc  initial  slopes  of  the 


Fi„  28  20  Effect  of  optical  density  of  a  cell  suspension  on  shape  of  light  curves, 
nfa^v  and  thin  double  arrows  represent  the  “linear  range”  of  dense  and  thm  suspen- 
Ln^espectively;  7  is  the  angle  that  determines  the  maximum  quantum  y,eld. 


curves  vary  in  proportion  to  optical  density,  but  the  extension  of  the  linear 
ml  J  bo  practically  independent  of  optical  density  (since  the  curve  of 
rSTiSKt  bend  as  soon  as  saturation  begins  in  the  surface 
,  f  '  RntPit  P  is  plotted  against  the  absorbed  energy,  /.  (curves  -), 

asjsi  rite  rhas  - 

sion  must  be  shorter  than  tha oi:  the  de  .  h  7  or/  (curves  5  and  4), 

ffprjsssss-  »“ — — ” 

saturation.  h  light  saturation  curves, 

As  an  illustration,  figure  28.21  shows  tne  ng 
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p/pmax.  _  0f  two  Chlorella  suspensions  of  different  density  (cf.  fable 
25.1)  given  by  Eichhoff  (1939).  Their  relationship  is  in  agreement  with 
the  prototype  of  figure  28.20  (curve  3).  Katz,  Wassink  and  Dorrestein 
(1942)  attempted  to  reduce  analytically  the  light  curves  obtained  with 
three  suspensions  of  bacteria  ( Chromatium ,  D)  of  different  concentration 
to  a  single  curve  showing  the  average  yield  per  cell  as  function  of  average 
illumination.  In  a  2  cm.  deep  absorption  vessel,  the  “dense”  suspension, 


Fig.  28.21.  Light  curves  of  a  thin  and  a  dense  Chlorella 
suspension,  in  red  light,  X  =  6500  A  (after  Eichhoff  1939). 
Intensity  in  "energetic  meter  candles”  (HK)  (page  1098). 


with  a  concentration  of  30  “Trommsdorff  units”/ml.  (concentration  3) 
absorbed  about  80%  of  incident  light  of  a  sodium  lamp,  the  “medium” 
suspension  (concentration  1;  10  Trommsdorff  units),  about  60%,  and  the 
thin  suspension  (concentration  3£  units),  about  30%.  Figure  28.22 A 
shows  the  empirical  light  curves  of  these  three  suspensions,  P  =  /(/) .  Thev 
have  the  relative  positions  anticipated  in  figure  28.20  (1)  (except  for  the 
sigmoid  initial  shape,  which  is  characteristic  of  the  light  curves  of  purple 


.  ^ear  I  0,  the  order  of  the  three  curves  is  reversed  Tho  nmKoki  r  , ,  . 

«na  *7"^  “tJis  lowe“  de^t 

sponsible  for  ,  ^7^  COnsumpti™  (which  we  think,  is  re¬ 
tensities  than  in  the  dilute  one  m^lY  ^  suspension.  up  to  higher  in- 

stronger  absorption.  ’  '  U  UenC6  apparently  overcompensates  that  of 
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Figure  28.22B  shows  the  same  three  curves,  replotted  to  represent  yield 
per  single  cell.  The  densest  suspension  now  shows  the  lowest  yield. 
However,  all  three  curves  appear  to  approach  (as  expected)  the  same  limit¬ 
ing  yield  at  high  light  intensity;  thus,  except  for  the  sigmoid  shape,  they 


Fig  28.22.  Effect  of  cell  concentration  on  light  curves  of  photosynthesis  (Katz, 

Wassink  and  Dorrestein  1942). 


,  tvnp  o  in  figure  28.20.  '  (The  latter  refers  to  P/Pm&x-,  but,  since 

are  of  the  \j  ^  p  p/pmax.  mUst  be  proportional 

jpmax.  •  proportional  to  the  number  of  cells,  I  /  ‘  ,, 

fo  the  yield  per  cell.)  Figure  28.22C,  finally,  shows  the  y.ekls  per  cell  as 
function  of  average  intensity  of  illumination  throughout  the  vessel  (m  A 
and  B,  the  abscissae  were  the  incident  light  intensities,  as  measured 
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front  wall  of  the  vessel).  The  conversion  is  made  by  reducing  the  abscissae 
in  the  ratio  a/c,  where  c  is  the  concentration  and  a  the  per  cent  absorption, 
(i.  e.,  by  0.8/3  =  0.27  for  the  dense  suspension,  0.6/1  =  0.6  for  the  medium 
suspension,  and  0.3/0. 3  =  1  for  the  dilute  one).  This  treatment  causes 
the  curves  for  c  =  0.3  and  c  =  1  to  coincide  almost  exactly ,  but  the  last 
point  on  the  c  =  3  curve  still  shows  considerable  deviation. 

There  are  two  obvious  reasons  why  one  cannot  expect  the  reduction  method  used  to 
be  completely  successful.  In  the  first  place,  the  averaging  cannot  be  quite  correct,  be¬ 
cause  the  cells  are  not  actually  exposed  to  the  “average”  light  intensity,  but  some  are 
illuminated  with  stronger,  and  some  with  weaker  light.  This  would  not  matter  if  the 
yield  were  proportional  to  intensity;  but,  if  the  yield  declines  with  increasing  intensity 
(as  it  does  in  the  saturation  region),  the  yield  that  corresponds  to  a  given  average  intens¬ 
ity  will  be  lower  when  the  spread  of  actual  intensities  is  wider,  i.  e.,  in  the  more  concen¬ 
trated  suspension. 

A  second  complication  arises  from  the  stirring  of  the  reaction  vessel,  which  causes 
the  cells  to  come  successively  into  light  of  different  intensity.  The  effect  of  this  varia¬ 
tion  is  complex;  it  belongs  to  the  group  of  phenomena  (induction;  photosynthesis  in 
alternating  light)  which  will  be  treated  in  chapters  33  and  34.  Only  if  the  illumination 
cycles  are  much  shorter  than  the  periods  required  for  the  completion  of  all  dark  processes 
of  photosynthesis  can  one  expect  the  cells  to  work,  in  alternating  light,  with  the  same 
efficiency  as  in  steady  light  with  the  same  average  intensity.  The  known  periods  of 
dark  reactions,  associated  with  photosynthesis,  include  at  least  one  with  a  period  as  short 
as  r  =  0.01  sec.  at  room  temperature;  stirring  is  not  usually  rapid  enough  to  send  each 
cell  through  the  whole  cycle  of  intensities  within  0.01  sec.  (c/.  chapter  29,  page  1106). 
Consequently,  the  cells  in  the  stirred  vessel  are  illuminated  with  an  alternating  light  the 
average  frequency  of  which  is  smaller  than  1/r.  While  the  frequency  of  intensity 
variations  is  identical  for  all  three  suspensions,  their  amplitude  is  the  larger  the  denser 
the  suspension.  Because  of  induction  phenomena,  the  highest  yield  at  a  given  average 
illumination  is  obtained  in  continuous  light  (c/.  fig.  34.5);  consequently,  the  efficiency 
losses  caused  by  intermittency  will  be  highest  in  the  densest  suspension.  We  have 
thus  found  two  reasons,  each  of  which  may  explain  the  deviation  from  the  average  of  the 
last  point  in  the  c  =  3  curve  in  figure  28.22C. 


It  may  be  useful  to  note  that  the  changes  in  the  illumination  of  individ¬ 
ual  cells,  caused  by  stirring,  may  be  discontinuous.  The  absorption  by  a 
single  chloroplast  (i.  e.,  in  the  case  of  Chlorella,  a  single  cell)  is  so  strong 
that  the  only  significant  intensities  of  illumination  to  which  a  cell  is  ex¬ 
posed  may  be  those  with  no  cells  or  with  a  very  small  number  of  cells  (1  or 

f  \i?  light  fUrCe;  The  Scatterins  of  tight  in  the  suspen- 
sions  tends  to  smooth  over  these  discontinuities. 

l°  ^  in,hCTgeneity  0f  light  absorption,  two  cell  suspen¬ 
sions  with  the  same  number  of  cells  per  square  centimeter,  but  with  a  dif- 

entconcentration  of  chlorophyll  within  each  cell,  offer  a  case  similar  to 
tha  of  two  suspensions  of  identical  cells,  but  different  dilution  Whether 

•  z:  2°  20  hdtwo  r*r wi" present  a  p,ctoe 

figure  28.20,  depends  on  their  content  of  the  catalyst  that  limit 
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the  rate  in  strong  light.  In  the  case  for  which  figure  28.20  was  drawn,  the 
catalyst  content  could  he  assumed  to  be  proportional  to  the  content  of 
chlorophyll  (in  other  words,  the  “assimilation  numbers”  could  be  taken  as 
identical),  since  the  two  suspensions  differed  only  in  quantity  and  not  in 
quality  of  the  cells.  When,  however,  changes  in  optical  density  are  brought 
about  by  variations  in  the  pigment  concentration  within  the  cells,  the  “as¬ 
similation  number”  does  not  necessarily  remain  constant.  We  will  deal 
with  these  relationships  in  chapter  32;  of  the  three  cases  discussed  there 
(umbrophilic  and  heliophilic  plants,  cf.  figs.  28.16-28.18;  green  and  aurea 
varieties,  cf.  fig.  32.2;  and  normal  and  chlorotic  plants,  cf.  fig.  32.4), 
only  the  last  one  is  characterized  by  approximate  constancy  of  the  as¬ 
similation  numbers,  and  thus  leads  to  light  curves  such  as  those  in  figure 
28.20.  In  other  words,  in  this  case  only  does  the  intracellular  content  of 
the  rate-limiting  catalyst  change  proportionally  to  the  content  of  chloro¬ 
phyll. 


(h)  General  Shape  of  Light  Curves 

We  now  leave  the  effects  of  inhomogeneity  of  light  absorption  and  in¬ 
quire  into  the  intrinsic  shape  of  the  light  curves.  All  kinetic  interpreta¬ 
tions  agree  that  the  initial,  almost  linear  segment  of  the  light  curves  corre¬ 
sponds  to  a  state  in  which  the  primary  photochemical  process  is  so  slow 
that  the  catalysts  which  participate  in  the  nonphotochemical  steps  can 
supply  the  substrates  needed  for,  and  transform  the  intermediates  formed 
by,  the  primary  process,  without  depletion  of  the  former  or  accumulation 
of  the  latter.  Only  the  light  curves  of  purple  bacteria  generally  show  a 
sigmoid-shaped  initial  part;  the  probable  reason  for  this  was  discussed  on 

In  the  linear  section,  the  quantum  yield  of  photosynthesis  has  its  high¬ 
est  value  along  a  given  light  curve.  (In  sigmoid  light  curves,  the  highest 
quantum  yield  is  in  the  point  where  the  tangent  to  the  light  curve  passes 

through  the  origin  of  the  coordinates.) 

This  yield  may  correspond  to  actual  utilization  of  all  absorbed  light  quanta  for 
l  ntnsvnthesis  or  to  a  certain,  not  further  reducible  proportion  of  quanta  wasted  In 

x&iszsttzsxsstti? 

The  light  curves  bend  toward  the  horizontal  when  the  rate  of  the  pn- 
mary  photochemical  reaction  ceases  to  be  slow  compared  with  thema* 
mum  possible  rate  of  one  or  several  of  the  non  photochemical  processes^ 
sociated  with  photosynthesis.  As  demonstrated  in  c  ap  -  , 


GENERAL  SHAPE  OF  LIGHT  CURVES 


1013 


in K  influence  of  a  bottleneck  reaction  in  a  “catenary  series”  generally  be¬ 
comes  felt  long  before  the  rate  of  the  over-all  process  has  reached  the  maxi¬ 
mum  speed  of  which  this  limiting  reaction  is  capable.  Consequently,  the 
light  curves  must  approach  saturation  asymptotically  rather  than  su  - 
denly  “hit  the  ceiling”  (even  if  we  forget  for  the  time  being  about  the  ef¬ 
fects  of  inhomogeneity  of  light  absorption,  which  further  enhance  the  grad¬ 
ual  character  of  saturation).  For  the  same  reason,  the  maximum  rate 
reached  in  the  light-saturated  state  will  often  be  considerably  lower  than 
the  “ceiling”  imposed  by  the  limiting  process. 

As  to  the  nature  of  the  processes  that  can  cause  light  saturation,  the 
general  alternative  is  between  “preparatory”  and  finishing  reactions. 
These  two  types  of  dark  processes  have  been  first  discussed  by  Warburg, 
and  Willstatter  and  Stoll,  respectively.  Because  all  transformations  that 


occur  in  photosynthesis  must  be  cyclic  as  far  as  chlorophyll  and  other  cata¬ 
lysts  are  concerned,  the  question  whether  a  reaction  takes  place  “before” 
or  “after”  the  primary  photoprocess  is  not  always  as  easy  to  answer  as  one 
would  at  first  imagine.  We  will  assume  that  a  dark  reaction  precedes  the 
photochemical  step,  if  its  retardation  prevents  the  occurrence  of  this  step 
(and  thus  also  all  the  succeeding  ones),  and  that  a  dark  reaction  follows  the 
primary  photochemical  process,  if  the  latter  takes  place  in  any  case,  and  the 
effect  of  the  limited  rate  of  the  dark  reaction  is  merely  to  cause  an  accumula¬ 
tion  of  the  primary  photoproducts.  Since  experience  shows  that  no  large 
accumulation  of  oxidation  intermediates  occurs  in  photos3mthesis  (this  is 
evidenced  by  the  abrupt  stoppage  of  oxygen  production  after  the  cessation 
of  illumination),  we  must  assume  that  the  primary  oxidation  products 
(“photoperoxides”)  are  unstable;  unless  rapidly  removed  or  chemically 
stabilized  by  a  “finishing”  process,  they  apparently  disappear  by  back  reac¬ 
tions. 


The  uptake  of  carbon  dioxide  may  sometimes  continue  for  about  20  sec. 
in  the  dark  (c/.  \ol.  I,  page  20G,  and  Vol.  II,  chapter  36).  This  may 
mean  that  some  intermediate  reduction  products  survive  for  that  length 
of  time,  or  that  the  carbon  dioxide  acceptor,  A,  requires  it  to  become  re- 
carboxylated.  (It  may  also  be  that  the  C02-acceptor  is  itself  a  reduction 
intermediate  of  carbon  dioxide  cf.  chapter  36.) 

The  two  alternative  mechanisms  of  light  saturation  can  thus  be  de¬ 
scribed  as  starvation,  which  causes  an  “idling”  of  the  primary  photochemical 
mechanism,  and  constipation,  which  blocks  the  elimination  of  the  primary 
products  and  compels  most  of  them  to  return  to  their  initial  form. 

As  described  before,  the  distinction  between  the  effects  of  prepara¬ 
tory  and  finishing  dark  reactions  becomes  still  more  difficult,  if  we  follow 
Franck  in  the  assumption  that  one  of  the  finishing  reactions  “backfires  ”  so 
that  its  slowness,  like  that  of  the  preparatory  reactions,  affects  the  composi- 
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tion  of  the  photosensitive  complex.  According  to  Franck,  this  is  the  re¬ 
action  that  converts  the  intermediate  oxidation  products,  formed  by  light, 
into  free  oxygen  (or  sulfur,  or  other  final  oxidation  products  formed  in 
bacterial  photosynthesis).  When  this  reaction  fails  to  keep  pace  with  the 
primary  photochemical  process,  the  intermediate  oxidation  products 
(“photoperoxides”)  accumulate  in  amounts  sufficient  to  oxidize  certain 
metabolites,  thus  forming  a  product  of  narcotizing  properties  (perhaps  an 
organic  acid).  The  latter  is  adsorbed  on  the  photosensitive  complex,  and 
this  retards  or  stops  altogether  the  primary  process. 

Each  partial  nonphotochemical  process  of  limited  maximum  rate  im¬ 
poses  its  own  “ceiling”  on  the  over-all  rate  of  photosynthesis;  and,  since 
the  influence  of  such  a  ceiling  is  felt  long  before  it  has  actually  been  reached, 
the  saturation  value  of  photosynthesis  in  strong  light  may  be  affected  not 
by  one  limiting  process,  but  by  several  such  processes— particularly  since 
the  maximum  capacities  of  different  parts  of  the  photosynthetic  apparatus 
appear  to  be  of  the  same  order  of  magnitude  (as  one  would  expect  of  a  well- 
adjusted  catalytic  system). 

In  the  general  discussion  of  the  kinetic  curves  of  photosynthesis  in 
chapter  26,  three  types  of  curve  sets,  P  =  f(Fi)  with  I<\  as  parameter,  were 
described  and  designated  as  the  first  (or  “Blackman”)  type,  the  second  (or 


“Bose”)  type  and  the  third  type,  respectively  (see  figures  26.2,  26.3  and 
26.4).  We  recall  that  curves  of  the  first  type  must  arise  when  the  parameter 
F2  determines  the  maximum  rate  of  a  partial  process  that  does  not  depend 
on  the  independent  variable,  F\.  This  process  then  imposes  a  horizontal 
ceiling  on  the  curve  P  =  f(Fi),  but  does  not  affect  its  initial  slope.  In  curve 
sets  of  the  third  type  the  parameter  affects  the  initial  slope  of  the  light 
curve,  but  not  its  saturation  level;  this  type  results  when  F2  codetermines 
the  rate  of  a  process  that  is  also  a  function  of  the  independent  variable,  Fv 
In  curve  systems  of  the  second  type ,  the  parameter  F%  affects  both  the  initial 
slope  and  the  saturation  level.  Carbon  dioxide  curves  offered  examples  of 
all  three  types,  depending  on  the  nature  of  the  parameter  (c/.  page  868). 
Since  most  parameters  do  not  affect  the  rate  of  the  primary  photochemical 
process,  and  therefore  do  not  change  the  initial  slope  of  the  light  curves, 
the  P  =  /(/)  curve  systems  usually  are  of  the  first  type,  i.  e.,  the  various 
curves  coincide  at  low  light  intensities,  but  diverge  at  saturation.  Sue 
are  most  of  the  curve  systems  observed  with  carbon  dioxide  concentration 
as  parameter  (figs.  28.1,  28.2,  28.4,  28.5  and  28.5A),  the  only  exception 
being  Harder’s  Fontimlis  curves  (fig.  28.3).  lhe  two  light  curves 
Chrmmtium  with  thiosulfate  concentration  as  parameter  fig.  28.5B) 
the  same  general  appearance,  and  the  curve  systems  with  tempeiature 
„”er  illustrated  by  figures  28.6,  28.7  and  28.8,  are  of  the  same  type. 

The  effect  of  inhibitors,  however,  is  uneven  and  some  results  ate  con  1 1 
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dictorv.  It  has  been  suggested,  as  a  generalization  of  empirical  lesults 
that  catalyst  poisons  affect  only  the  saturation  level,  thus  producing  ight 
curve  systems  of  the  first  type,  while  narcotics  depress  also  the  initial  slope, 
thus  giving  curve  systems  of  the  second  type.  However,  not  all  expen- 

mental  results  conform  to  this  rule. 

In  figures  28.9  A,B,  the  curves  of  Chlorella  in  the  presence  of  cyanide  are, 
as  expected,  of  the  Blackman  type;  but  the  hydroxylamine  curves  (as  ob¬ 
served  by  Weller  and  Franck)  are  of  the  Bose  type.  With  the  diatom 
Nitzschia  (fig.  28.10)  the  effect  of  cyanide  was  different:  A  distinct  depres¬ 
sion  was  observed  at  all  light  intensities  between  2  and  30  kerg/cm.  sec. 
(However,  the  per  cent  inhibition  increased  with  increasing  light  intensity, 
for  example,  0.003%  KCN  caused  an  inhibition  by  3o  /q  at  2.4  kerg,  b\ 
45%  at  13  kerg  and  by  57%  at  27  kerg.)  Other  observations  of  cyanide 
inhibition  of  photosynthesis  in  weak  light  were  quoted  in  Volume  I  (page 
309).  The  light  curves  of  cyanide-inhibited  purple  bacteria,  as  observed 
by  Wassink  and  co-workers,  show  a  similar  “semi-Bose”  behavior;  re¬ 
versing  the  results  obtained  by  Weller  and  Franck  with  Chlorella,  the  bac¬ 
teria  exhibited  a  Blackman  type  behavior  toward  hydroxylamine! 

The  light  curves  of  urethan-inhibited  Chlorella  (as  given  by  Warburg, 
and  by  Wassink  and  co-workers,  respectively)  appear  to  be  of  the  second 
type,  according  to  rule;  but  the  third  type  is  not  entirely  excluded.  Bose 
type  curves  were  found  also  with  urethan-inhibited  Nitzschia  (fig.  28.10), 
although  in  this  case  the  per  cent  inhibition  was  not  constant,  but  rose  with 
increasing  light  intensity.  Wassink’s  curves,  showing  the  effect  of  urethan 
on  purple  bacteria  (fig.  28. 11E),  exhibit  the  reverse  change — the  depression 
is  more  pronounced  in  weak  light  than  in  strong  light. 

The  effect  of  oxygen  on  the  photosynthesis  of  Chlorella  (fig.  28. 9E; 
cf.  also  fig.  33,  page  329,  Vol.  I)  is  of  the  Bose  type,  and  the  same  is  true  of 
the  effect  of  copper  sulfate,  while  that  of  nickel  sulfate  apparently  is  of  the 
Blackman  type  (fig.  28.9D).  The  curves  of  purple  bacteria  with  pH  as 
parameter  (fig.  28.12)  are  of  the  Bose  type  with  thiosulfate,  and  of  the 
Blackman  type  with  hydrogen  as  reductant. 

Theoretically,  one  can  easily  understand  why  specific  catalyst  poisons 
such  as  cyanide,  should  affect  only  the  saturation  level  and  not  the  initial 
slope  of  the  light  curves:  The  former  is  determined  by  the  rate  of  a  dark 
catalytic  reaction,  the  latter  by  the  rate  of  supply  of  light  quanta.  With 
the  poisoning  becoming  more  and  more  complete,  the  inhibition  can  be 
expected  to  spread  to  lower  and  lower  light  intensities.  If  one  assumes  (as 
suggested  in  Vol.  I,  page  307)  that  cyanide  inhibits  most  strongly  the 
carboxylating  enzyme,  EA,  the  observed  differences  in  the  sensitivity  of  dif¬ 
ferent  species  may  be  attributed  to  variations  in  the  amount  of  this  en¬ 
zyme.  Some  plants  may  contain  a  considerable  reserve  of  EA,  and  there- 
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fore  show  poisoning  effects  only  in  strong  light;  in  others,  the  concentra¬ 
tion  Ea  may  be  just  sufficient  to  maintain  photosynthesis  in  the  absence  of 
cyanide  and  very  little  inactivation  is  needed  to  cause  marked  retardation 
even  in  moderate  or  weak  light.  However,  even  in  this  case,  the  per  cent 
reduction  of  photosynthesis  should  remain  smaller  in  weak  light  than  in 
light  of  saturating  intensity  (as  was,  in  fact,  observed  with  cyanide-poisoned 
Nitzschia,  cf.  above).  This  hypothesis  cannot  explain  an  apparently  uni¬ 
form  per  cent  reduction  of  photosynthesis  at  all  light  intensities  by  a  typical 
catalyst  poison  such  as  hydroxylamine  (fig.  28. 9B).  An  ad  hoc  interpreta¬ 
tion,  suggested  by  Franck  and  co-workers,  was  described  in  Volume  I  (page 
312). 

What  was  said  about  the  effects  of  catalytic  poisons  should  apply  also 
to  deficiencies  of  the  reaction  substrates  (carbon  dioxide  in  green  plants, 
carbon  dioxide  and  reductants  in  bacteria).  Their  effects,  too,  should 
gradually  diminish,  and  finally  disappear  with  decreasing  light  intensity. 

The  effect  of  narcotics  on  the  initial  slope  of  light  curves  can  be  under¬ 
stood  if  one  assumes  that  they  are  adsorbed  on  chlorophyll  (or  “chloro- 
plastin”)  in  such  a  way  as  to  prevent  the  access  of  reactants  or  catalysts. 
Consequently,  in  the  partially  poisoned  state,  only  the  chlorophyll  mole¬ 
cules  free  of  these  adsorbents  are  capable  of  properly  utilizing  the  ab¬ 
sorbed  light  quanta.  If  it  is  true  that  light  saturation  is  due  to  the  limited 
amount  of  a  catalyst,  such  as  Ea  or  Eg,  which  is  kinetically  independent 
of  chlorophyll,  the  fact  that  the  light  curves  obtained  in  the  presence  of 
urethan  appear  to  be  of  type  2  rather  than  3  (t.  that  narcotics  affect  also 
the  saturation  rate)  requires  special  explanation.  For  example,  it  can  be 
postulated  that  the  narcotic  becomes  adsorbed  on  the  molecules  of  EA  or 
EB  as  well  as  on  those  of  chlorophyll.  Alternatively,  it  can  be  suggested 
that,  if  the  light  curves  of  narcotized  plants  were  followed  to  still  higher 
light  intensities,  they  would  finally  approach  the  same  saturation  level  as 
the  light  curves  of  normal  plants  (t.  e.,  they  would  actually  prove  to  be  of 


type  3  rather  than  2).  .  .  ,  , 

A  third  explanation,  based  on  the  idea  that  definite  catalyst  molecules 

are ’“assigned”  to  definite  chlorophyll  molecules,  and  become  useless  when 

the  latter  are  “narcotized,”  will  be  discussed  in  chapter  32. 

Still  another  phenomenon  needs  to  be  taken  into  considerati  . 
will  be  shown  later  in  this  chapter  that  a  saturation  level  of  photosynthe¬ 
sis  probably  exists  which  is  due  to  the  distribution  of  the  chlorophyll  co  - 
plex  during  photosynthesis,  between  the  normal  photosensitive  form  and 
a  changed  (tautomeric,  or  reduced)  form.  The  latter  is  ormed  as  an  inter- 
mediate  in  photosynthesis,  and  requires  a  certain  time  for  reconversion  to 
The  or  ginal  phot  Jens, tive  form.  While  this  saturation  limit  may  no  be 
generally  apparent  in  non-narcotized  plants,  because  another  limit  (,m 
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posed  by  the  deficiency  of  a  finishing  catalyst,  EB)  is  lower,  the  two  nm) 
be  not  too  far  apart.  Therefore,  in  the  narcotized  state,  when  a  large 
fraction  of  the  chlorophyll  complexes  is  blanketed  by  the  narcotic  an 
therefore  inactive,  the  saturation  level  due  to  chlorophyll  can  become  lower 
than  that  due  to  the  catalyst  EB.  This  will  cause  photosynthesis  to  be  in¬ 
hibited  by  narcotics  even  in  strong  light;  however,  the  per  cent  inhibition 
will  be  smaller  than  in  weak  light.  (This  prediction  is  in  agreement  with 
Wassink’s  findings  on  purple  bacteria,  but  not  with  his  observations  on 

diatoms.) 


(c)  Analytical  Formulation:  Effect  of  Preparatory  Dark  Reactions 

In  chapter  27,  a  rather  extensive  effort  was  made  to  derive  equations 
for  the  function  P  =  f[ C02]  under  different  assumptions  concerning  the 
preparatory  dark  reactions  on  the  “reduction  side”  of  the  primary  photo¬ 
chemical  process.  The  influence  of  light  intensity  was  expressed  in  these 
derivations  (c/.  equation  27.6)  by  assuming  that  the  rate  is  proportional  to 
the  concentration  of  the  reduction  substrate,  [ACO2],  and  that  the  pro¬ 
portionality  factor,  k*,  is  a  function  of  the  light  intensity,  I.  The  resulting 
equations  for  P  were  then  applied  to  the  analysis  of  the  carbon  dioxide 
curves,  by  assuming  constant  values  of  the  parameter  I  (i.  e.,  of  kr).  The 
same  equations  can,  however,  equally  well  be  considered  as  analytical  ex¬ 
pressions  of  the  light  curves,  P  =  /(/),  with  [C02]  as  parameter.  A  speci¬ 
fic  assumption  must  be  made  in  this  case  concerning  the  relation  of  k*  to 
I  ( e .  g.,  by  postulating  that  k*  is  proportional  to  7,  k*  =  k*I,  cf.  eq.  28.13). 

The  simplest  equation  for  P  in  chapter  27  was  equation  (27.8).  It  was 
based  on  the  assumption  of  a  dissociable  carbon  dioxide-acceptor  complex 
with  no  limitations  on  the  rate  of  its  formation.  The  corresponding  light 
curves  are  linear  (at  least,  if  k*  =  k*I),  and  show  no  saturation  effects. 
(1  his  is,  of  course,  due  to  the  fact  that,  in  the  derivation  of  equation  27.8, 
the  equilibrium  concentration  of  the  compound  [AC02]  was  supposed  to 
be  undisturbed  even  by  intense  photosynthesis.)  The  equation  of  these 
straight  lines  is  (using  k*  as  independent  variable) : 

(28<1)  p  =  (nkf  K  »A0  [C02  ] )/( 1  +  Aa[C02]) 

Their  slope  is  proportional  to  [C02]  at  low  carbon  dioxide  concentrations 
and  approaches  a  maximum  at  high  carbon  dioxide  concentrations: 

(28‘2)  (dP/dk*)max.  =  nA0 


As  soon  as  the  assumption  is  made  that  the  stationary  concentration 
IAC02]  is  affected  by  the  rate  of  consumption  of  this  complex  by  photo- 
^n  lesis  (1.  e.,  that  the  formation  of  AC02  is  not  infinitely  fast),  the  light 
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curves  cease  to  be  straight  lines  and  become  hyperbolae.  We  can  refer 
here  to  equation  (27.16),  which  describes  the  combined  effects  of  slow  dif¬ 
fusion  and  slow  carboxylation,  or  to  equations  (27.21)  and  (27.31),  which 
express  these  two  effects  separately.  In  intense  light,  the  hyperbolae 
P  =  f(K)  approach  one  of  the  following  two  saturation  levels,  either: 

(28.3)  P *»«.  =  nfcd[C02] 

if  the  rate  of  diffusion  is  the  limiting  factor;  or: 

(28.4)  Pma*  =  nA;aA0[CO2] 


if  the  rate  of  carboxylation  is  limiting.  It  will  be  noted  that  both  satura¬ 
tion  values  are  proportional  to  [CO2];  in  other  words,  this  approximation 
provides  for  no  “absolute  saturation”  with  respect  to  both  I  and  [C02]. 
Half-saturation  is  reached,  in  the  case  of  limitation  by  diffusion,  at: 


(28.5)  1/sfc*  =  (A\MC02]  +  2  kd)/2  A'aAo 

and,  in  the  case  of  limitation  by  carboxylation,  at: 


(28.6) 


»/#  =  K  +  fc»[C02] 


In  both  cases,  half-saturating  light  intensity  increases  linearly  with  carbon 
dioxide  concentration.  The  initial  slopes  of  the  light  curves  are  the  same 
as  those  of  the  straight  lines  (28.1).  This  means  that  at  low  carbon  di¬ 
oxide  concentrations,  the  light  curve  families  are  of  the  Bose  type,  the 
Blackman  type  being  approached  at  the  higher  values  of  the  parameter 

[C02]. 

“Absolute”  saturation  follows,  as  usual,  as  soon  as  we  postulate  a  rate- 
limiting  step,  the  maximum  velocity  of  which  is  independent  of  both  [(  02] 
and  light  intensity,  but  is  determined  entirely  by  the  available  amount  of 
a  catalyst.  Equations  (27.40)  or  (27.51),  derived  for  the  case  of  limitation 
by  carboxylase  deficiency,  contain  in  their  denominators  terms  proportional 
to  the  product,  k*  X  [C02];  when  light  intensity  and  carbon  dioxide  con¬ 
centration  are  both  very  high,  this  term  becomes  predominant  and  the 
yield  approaches  the  “absolute”  saturation  value. 


(28.7) 


PZZ:  =  nke  aE0A0 


which  is  the  maximum  rate  of  the  catalytic  formation  of  AGO*  by  reaction 
(27.37). 

For  the  reaction  mechanism  discussed  in  section  d  of  chapter  2i  (non- 
dissociable  AC02  complex  attached  to  chlorophyll  for  the  duration  of  the 
eight  photochemical  steps,  as  in  the  Franck-Herzfeld  theory),  with  the 
simplification  (28.8)  used  in  deriving  equation  (27.03),  we  have: 

(28.8)  [EaI—  Ea 
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(28.9) 

(28.10) 
(28.11) 
(28.12) 


pmft'c.  =  ft£a/vE»Ao[C02]/(  l  A' [CO,  I) 

l/tk*  =  (8  A-aM[C02])/(l  +  A'[C02]) 
PZl:  =  nka  E°A„ 

(dP/dk*)  o  =  nAo/8 


with  n  probably  equal  to  1. 

So  far,  we  have  considered  the  shape  of  light  curves  as  determined  ex¬ 
clusively  by  preparatory  reactions  on  the  “carbon  dioxide  end  of  photo¬ 
synthesis  (the  possible  rate-limiting  factors  being  the  constant  of  carbon 
dioxide  diffusion,  the  bimolecular  rate  constant  of  carboxylation  and  the 
available  concentration  of  the  enzyme  Ea)-  Analogous  derivations  can  be 
made  for  limiting  influences  on  the  “oxidation  end,”  such  as,  the  rate  con¬ 
stant  of  diffusion  of  reductants,  the  rate  constant  of  their  preliminary  trans¬ 
formations  ( e .  g.,  of  the  binding  of  hydrogen  to  an  acceptor)  and  the  de¬ 
ficiency  of  enzymes  catalyzing  these  reactions  (e.  g.,  the  hydrogenase) . 
In  making  these  derivations,  we  could,  for  example,  set  the  rate  of  photo¬ 
synthesis  proportional  to  the  concentration  of  the  primary  oxidation  sub¬ 
strate  such  as  the  hypothetical  “bound  water,”  A'H20  or,  more  generally, 
A'HR  (instead  of  to  the  concentration  of  the  primary  reduction  substrate, 
AC02,  as  we  have  done  so  far).  However,  we  abstain  from  a  detailed  dis¬ 
cussion  of  these  possibilities,  because,  in  the  case  of  green  plants,  there  is  no 
positive  proof  that  a  dark  hydration  reaction  actually  is  needed  to  make 
water  available  for  the  photochemical  process.  The  abundance  of  water  in 
cells  may  make  this  hydration,  even  if  it  were  needed,  practically  instan¬ 
taneous.  In  the  photosynthesis  of  purple  bacteria,  preliminary  transforma¬ 
tions  of  reductants  are  known  to  occur,  but  no  definite  proof  has  as  yet  been 
given  that  these  transformations  must  be  considered  as  preparatory  reac¬ 
tions  (i.e.,  reactions  providing  the  oxidation  substrate  for  photochemical 
process)  rather  than  as  finishing  reactions  removing  the  primary  oxidation 
products,  formed  by  the  photochemical  oxidation  of  water.  (The  second 
alternative  is  favored  by  van  Niel,  Gaffron  and  Franck;  cf.  Vol.  I,  p.  168.) 
It  must  nevertheless,  be  borne  in  mind  that  the  rather  detailed  considera¬ 
tion  of  the  preparatory  processes  “on  the  reduction  side,”  and  the  compara¬ 
tive  neglect  of  the  analogous  processes  “on  the  oxidation  side”  of  the  pri¬ 
mary  photochemical  process,  which  is  common  to  most  discussions  of  the 
kine  ics  of  photosynthesis,  are  not  justified,  being  based  only  on  our  in¬ 
ability  to  study  the  fate  of  water  before  its  oxidation  in  photosynthesis  and 

eon  »ndSeth  ln8U'f  C‘ent  knowIedSe  °f  the  initial  transformations  of  hydro- 
gen  and  other  reductants  used  by  bacteria. 
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(</)  Analytical  Formulation:  Effect  of  Processes  in  the  Photosensitive  Complex 

Leaving  aside  the  effects  of  hypothetical  preparatory  reactions  “on  the 
oxidation  end,”  we  return  to  equation  (27.6),  P  =  n^[AC02],  for  closer 
consideration  from  the  point  of  view  of  the  likely  mechanism  of  light  par¬ 
ticipation  in  photosynthesis.  As  mentioned  before,  the  assumption,  more 
or  less  implicit  in  the  derivations  of  chapter  27,  was  that  k*  is  proportional 
to  7,  the  intensity  of  incident  light: 

(28.13)  k*  =  k*I 
and  consequently: 

(28.14)  P  =  nk*  [AOOo]  =  »**/[ACO*] 


One  remark,  limiting  the  practical  applicability  of  the  analytical  ex¬ 
pressions  derived  in  this  section,  must  be  made  immediately.  Kinetic 
equations  are  based  on  the  law  of  mass  action;  they  presume  homogeneity 
of  the  reacting  system.  The  light  intensity,  7,  is,  however,  not  uniform 
throughout  a  leaf  or  cell  suspension ;  it  varies  even  within  a  single  cell  or  a 
single  chloroplast.  This  complication  has  been  repeatedly  mentioned  be¬ 
fore,  and  we  shall  return  to  it  again  on  page  1044.  •  In  the  meantime,  we 
will  proceed  as  if  light  absorption  were  uniform  throughout  the  region 
under  consideration.  This  means  that  our  equations  will  be  strictly  valid 
only  for  optically  thin  layers.  In  the  following  equations,  then,  7  must  be 
taken  as  meaning  the  light  flux  actually  reaching  a  chlorophyll  layer,  and 
not  the  light  flux  falling  on  the  outer  surface  of  the  system.  (These  two 
fluxes  are  proportional  to  each  other,  but  the  proportionality  factor  varies 
with  depth,  as  well  as  with  the  wave  length  of  the  incident  light.)  Practi¬ 
cally,  most  if  not  all  kinetic  measurements  have  been  made,  not  with  opti¬ 
cally  thin  pigment  layers  but  with  leaves,  thalli  or  suspensions  absorbing  a 
large  proportion  (sometimes  up  to  100%)  of  incident  light.  We  will  con¬ 
sider  on  page  1044  to  what  extent  kinetic  relationships  derived  for  optically 
thin  layers  are  changed  through  integration  over  the  path  of  the  light  in  the 
system  (and  also  over  the  differently  absorbed  components  of  non-mono- 
chromatic  light).  The  treatment  of  this  problem  is  further  complicated 
by  the  structural  effects  discussed  in  chapter  22  (scattering  and  sieve  ef¬ 
fect”).  Still  another  complication  arises  in  the  treatment  of  cell  suspen- 
sions  rapidly  agitated  during  the  measurement,  thus  bringing  the  indi¬ 
vidual  cells  more  or  less  periodically  into  light  fields  of  different  intensity 
If  stirring  were  so  intense  as  to  cause  each  cell  to  slip  throug  a  te  \aiious 
light  fields  in  a  time  which  is  short  compared  to  the  ‘  Emerson-Amo 
period”  (about  10  “2  sec,  at  room  temperature,  cf.  chapter  34),  it 
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have  been  permissible  to  take  into  account  only  the  average  illumination 
and  to  consider  the  latter  as  identical  for  all  cells.  In  other  words,  the  rate 
of  absorption  of  light  by  each  cell  could  be  taken  as  equal  to  the  rate  of 
total  absorption  in  the  suspension  divided  by  the  number  of  the  cells  in  it. 
No  amount  of  stirring,  however,  can  mix  the  contents  of  the  chloroplasts, 
so  that  chlorophyll  molecules  situated  deeper  inside  them  always  will  re¬ 
ceive  less  light  than  those  situated  on  the  illuminated  surface.  What  is 
even  more  important,  the  rate  of  stirring  usually  is  quite  insufficient  to 
make  legitimate  even  the  averaging  of  intensity  for  whole  cells.  Such 
fast  stirring  is  difficult  to  achieve;  it  is  unlikely  that  Warburg  and  Burk 
had  the  right  to  claim  that  in  their  experiments  (c/.  p.  1006)  stirring  was 
so  effective  that  only  the  average  intensity  of  illumination  was  important. 
Often,  a  danger  exists  that  the  periods  spent  by  individual  cells  deep  in  the 
suspension,  between  two  exposures  to  full  light  in  the  surface  layer,  could 
be  long  enough  to  cause  induction  losses  during  the  subsequent  expo¬ 
sure  (c/.  chapters  29,  33  and  34). 

These  qualitative  considerations  show  that  the  way  to  obtain  light 
curves  of  photosynthesis  best  suitable  for  kinetic  interpretation  is  by  using 
optically  thin  suspensions  or  tissues.  A  limit  to  this  procedure  is,  how¬ 
ever,  set  by  the  fact  that  even  single  chloroplasts  may  absorb  up  to  50% 
of  incident  light  in  the  absorption  peaks  of  chlorophyll  (c/.  fig.  22.35); 
so  that  diluting  algal  suspensions  until  they  absorb  much  less  than  that 
amount  (or  using  faintly  green  tissues  such  as  green  onion  skins)  may 
merely  mean  allowing  a  part  of  incident  light  to  pass  between  the  chloro¬ 
plasts  without  improving  the  uniformity  of  absorption  within  the  plas- 
tids.  This  uniformity  can  only  be  improved  by  employing  cells  poor  in 
pigment  (chlorotic  cells),  or  by  employing  light  which  is  comparatively 
weekly  absorbed  by  chlorophyll  (e.  g.,  green  light). 

We  are  thus  forewarned  that  the  several  equations  of  the  light  curves 
which  will  be  derived  below  from  alternative  kinetic  models  of  photosyn¬ 
thesis,  can  be  used  for  comparison  with  the  experimental  curves  found  in 
the  literature,  only  with  strong  reservations.  We  nevertheless  consider  it 
worth  while  to  continue  with  these  derivations,  as  a  step  toward  a  more 
quantitative  study  of  the  problem  in  the  future.  The  latter  will  require 
both  improved  theoretical  treatment  (including  the  effects  of  inhomogene¬ 
ous  structure  and  nonuniform  light  absorption),  and,  above  all,  precise 
kinetic  experiments  on  optically  thin  objects. 

In  analyzing  the  validity  of  equations  (28.13)  and  (28.14),  two  alterna- 

and  He  Ml  **  COnSldere(L  herding  to  one,  favored  by  Franck 
and  Herzfeld,  the  compound  AC02  is  part  of  the  “photosensitive  complex” 

SSft 
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(28.15) 


ACCL-Chl  •  A'H20 


hv  t 


AHCXVChl-A'HO 


In  considering  this  alternative,  it  is  not  necessary  also  to  adopt  Franck 
and  Herzfeld’s  complex  mechanism,  which  involves  eight  consecutive 
photochemical  steps;  essentially  the  same  conclusions  can  be  reached  also 
by  considering  a  single  photochemical  step,  such  as  reaction  (28.15), 
and  leaving  the  completion  of  the  process  to  nonphotochemical  reactions, 
such  as  dismutations  and  coupled  oxido-reductions,  as  described  in  chapter 
9,  Volume  I. 

The  second  alternative — for  which  certain  arguments  were  adduced  in 
Volume  I  (page  166) — is  that  the  compound  AC02  (and  perhaps  A'H20 
as  well,  although  the  two  assumptions  are  separable)  is  kinetically  inde¬ 
pendent  of  chlorophyll;  its  reduction  is  then  a  secondary  process,  a  dark 
reaction  brought  about  by  the  products  of  the  primary  photochemical  re¬ 
action. 

The  analysis  is  simpler  if  the  first  alternative  is  chosen.  If  we  assume 
that  the  acceptor,  A,  is  part  of  the  chlorophyll  complex,  and  that  it  takes 
up  or  loses  carbon  dioxide  without  separating  itself  from  this  complex 
(and  that  consequently,  Ao  =  Chlo,  and  [AC02]  <  Chlo),  then  all  quanta 
absorbed  by  the  chlorophyll  molecules  carrying  AC02  must  be  effective 
(as  far  as  the  primary  photochemical  process  is  concerned)— while  all 
quanta  absorbed  by  chlorophyll  carrying  “bare”  A  are  lost.  The  rate 
of  reduction  of  AC02  is  then  fc*J[AC02],  as  required  by  equation  (28.14); 
k*I [Chi]  being  the  rate  of  absorption  of  quanta  by  chlorophyll  in  light  of 
intensity  I  (assuming  that  the  absorbing  capacity  is  not  affected  by  asso¬ 
ciation  of  chlorophyll  with  either  AC02  or  A).  This  equation  already  was 
used  in  chapter  27,  section  7d  {cf.  equations  27.58-27.66). 

If  AC02  is  kinetically  independent  of  the  photosensitive  complex,  the 
concentration  [AC02]  cannot  be  limited  to  Chl0;  equation  (28.14)  no\\ 
appears  to  indicate  that  the  quantum  yield  of  photosynthesis,  y  -  P/1* 
(/  =  absorbed  light  energy),  can  increase  indefinitely  with  increasing 

[AC02].  At  least,  this  would  be  so  if  one  would  assume,  as  usual,  that  ia 
is  proportional  to  I,  /a  =  ^7,  so  that. 

(2g  iQ)  7  =  P/h  =  anfc*  [AC02] 

Of  course,  a  certain  limit  to  the  increase  of  y  is  set  by  the  fact  that  ACO* 
must  be  <A0,  the  total  number  of  available  acceptor  molecu  es.  o- 
ever  there  is  no  reason  why  this  limit  could  not  be  higher  than  the  max  - 
mum  yield  possible  under  Einstein’s  equivalency  law.  Therefoie,  a  hm  - 

t  Or  2  hv,  if  it  is  assumed  that  one  quantum  is  used  to  transfc i  one  1 aCq2> 

from  A'H20  to  Chi,  and  another  one  to  transfer  the  same  a  om  „  ftnd 

In  128  15)  it  is  also  assumed  that  the  hydrogen  donor  is  hound  water,  A  *  , 

In  (Z8.10L  n  s  aibu  a  associated  with  Chi. 

that,  like  the  hydrogen  acceptor,  A(  02,  this  donor  y 
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tation  on  P//a  must  exist  that  is  quite  independent  of  the  limited  quantity 
of  the  carbon  dioxide  acceptor,  A.  One  way  in  which  this  limitation  can 
arise  is  for  k*  in  equation  (28.14)  to  become  a  function  of  [AGO2],  such  that 
the  product  k*  X  [AC02]  never  exceeds  a  certain  maximum  value;  another 
is  for /a  to  cease  to  be  proportional  to  I,  i.  e.,  for  k*  in  equation  (28. 14)  to  be¬ 
come  a  function  of  P. 

The  first  phenomenon  is  a  common  occurrence  in  photochemical  proces¬ 
ses  in  vitro,  where  the  photochemical  secondary  reaction  competes  with  the 
deactivation  of  the  light-activated  molecules.  (The  latter  can  occur  by 
fluorescence,  or  by  energy  dissipation  within  the  activated  molecule,  or  by 
energy  transfer  to  other  molecules.)  The  competition  between  a  bi- 
molecular  photochemical  reaction  (rate  constant  kT)  and  one  (or  several) 
monomolecular  deactivating  reaction  (combined  constant  k')  leads  to  a 
yield  equation  (Stern- Volmer  equation) : 

(28.17)  7  =  fcr[S]/(fc'  +  Av[S]) 


according  to  which  the  quantum  yield,  7,  does  not  increase  indefinitely 
with  the  concentration  [S]  of  the  reactant,  but  approaches,  at  Av[S]  k', 
a  maximum  value  (for  the  primary  process!): 

(28.18)  7max.  =  1 


This  maximum  quantum  yield  is  independent  of  the  light  intensity,  I . 
Comparison  of  equation  (28.17)  with  (28.16)  indicates  that  in  this  case- 
assuming  that  AC02  is  the  reactant  S : 

(28-19)  ank*  =  kr/(k'  +  kr  [AC02]) 

1.  e.,  k*  is  in  fact  a  function  of  the  concentration  of  the  reactant,  decreasing 
with  increasing  [AC02]  in  such  a  way  that  the  product  ofc*n[AC02]  can 
approach,  but  never  exceed,  1. 

90  tt)  0U1  schemes  of  Photosynthesis  (c/.,  for  example,  schemes  28.IA  and 
28.IB  below),  we  do  assume  a  competition  of  the  secondary  photochemical 
react10”  (such  as  28.20b  or  28.21b)  with  monomolecular  deactivation, 
(such  as  28.20a  ),  but  mean  by  the  latter  not  the  energy  loss  by  fluorescence, 
or  by  immediate  energy  dissipation  in  the  light-absorbing  complex,  but 
e  sower  ack  reactions  that  follow  primary  tautomerization.  The 
photochemicafly  altered  forms  of  the  chlorophyll  complex,  HX.Chl.Z 

in  Volume  i'  ^484  T  °f  “long'llVcd  activated  states"  discussed 
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encountering  a  molecule  with  which  it  has  to  react  (be  it  AC02  or  A'H20) 
creates  a  new  source  of  dependence  of  the  rate  on  the  concentration  [AC02] 
(or  [A'H20]). 

We  now  consider  the  second  anticipated  phenomenon — the  breakdown, 
in  strong  light,  of  proportionality  between  irradiation  and  absorption. 
This  complication  does  not  occur  significantly  in  “ordinary”  photochemis¬ 
try,  where  the  rate  constant  of  the  process  by  which  the  excited  molecule 
returns  to  the  normal  state  is  at  least  a  million  times  higher  than  the  rate 
constant  of  light  absorption,  even  in  the  strongest  available  light  (order  of 
magnitude  of  the  maximum  frequency  of  absorptions:  10  sec.-1,  cf.  page 
838;  order  of  magnitude  of  the  rate  constant  of  deactivation,  by  fluores¬ 
cence  or  energy  dissipation:  >  107  sec.-1).  In  strongest  available  light,  the 
photostationary  concentration  of  activated  molecules  ceases  to  be  negligible 
compared  to  that  of  the  normal  molecules  if  the  life-time  of  the  activated 
form  exceeds  10-2  sec.  (light  absorption:  once  every  0.1  sec.;  lifetime 
of  the  activated  state:  0.01  sec.;  therefore,  stationary  concentration  of 
activated  molecules:  10%).  If  we  assume  such  a  longevity  for  the  ac¬ 
tivated  state  of  the  chlorophyll  complex,  a  sizable  proportion  of  this  com¬ 
plex  will  be  present  in  the  changed  state  during  strong  photosynthesis,  and 
this  will  lead  to  a  lack  of  proportionality  between  the  “useful”  light  absorp¬ 
tion,  I a,  and  the  incident  light  intensity,  I  (“useful”  meaning  the  absorp¬ 
tion  of  light  by  chlorophyll  complexes  in  the  unchanged  form— assuming 
that,  if  the  changed  form  does  absorb  visible  light  at  all,  this  absorption 
is  photochemically  “useless”).  A  new  reason  is  thus  added  for  the  de¬ 
pendence  of  the  yield  on  light  intensity. 

We  will  analyze  these  two  phenomena — (1 )  the  competition  of  the  “de- 
tautomerizing”  back  reaction  in  the  photosensitive  complex  with  the  photo- 
chemical  forward  reaction;  and  (2)  the  depletion  of  the  normal  form 
of  this  complex  during  intense  photosynthesis— by  using  two  simple 
mechanisms  in  which  the  photochemical  forward  reaction  is  assumed  to 
involve  the  tautomerized  chlorophyll  complex,  HX.Chl.Z  and  either  the 
carbon  dioxide  acceptor  compound,  ACO,  (mechanism  28.20),  or  the  hydro¬ 
gen  donor,  A'HR,  where  HR  may  stand  for  water,  or  for  a  substitute 

ductant  (mechanism  28.21): 

Jc*I 

(28.20a  and  a')  X-Chl-HZ  ,  —  C*1* 


(28.20b) 

(28.20c) 

(28.20d) 


II 


X  Chl  -Z  +  ACOo - ^  X  Chl  -Z  +  AIICOo 


XChl-Z  +  A'HR 


ko 


->  X-Chl-IIZ  +  AT. 


k'. 


AIIC02  +  A'R - — >  AC02  +  A'HR 
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This  mechanism  is  represented  in  scheme  28. IA.  1  he  reason  foi  assuming 
the  occurrence  of  the  secondary  back  reaction  (28.20d)  v  ill  be  discussed 
later.  If  we  assume, as  suggested  on  page  1019,  that  fcofA'H^O]  ^  A'r[AC02], 
the  concentration  of  the  oxidized  form,  [X.Chl.Z],  can  be  neglected  in 


c<& 


XChIHZ 


+  A 


(£a> 


k' 

(28.20a) 


(28.20a') 


AC02 


HXChIZ 


H20  (or  HR) 

+  A' 

A'HzO  (or  A'HR) 


green  plants  (though  perhaps  not  in  purple  bacteria),  compared  to  that  of 
the  tautomeric  form  [HX.Chl.Z];  the  latter  is  then  the  only  one  the  ac- 

stronglight  may  a<TeCt  ^  ph0t0synthesis  ot  g^n  plants  in 

rv  arg“!'J  that>  if  the  reaction  of  Z  with  water  is  so  much  more 

mTinsan(28  20b  and  tVt™  ^  of  the  seldary 

mechanism  (shown  in  scheme” 28 in')  :reVerSed’  resultlng  >"  the  following 


(28.21a  and  a') 


X-  Chi  HZ  - 


k*l 


k' 


-  HX  ChI  Z 
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(28.21b) 

HX-Chl-Z  +  A'HR 

fco 

->  HX  Chl-HZ  -f  A'R 

(28.21c) 

HXChl-HZ  +  ACO, 

K 

->  X- Chi -HZ  +  AHC02 

(28.21d) 

AHCO,  +  A'R 

k'ro 

->  AC02  +  A'HR 

In  this  case,  the  main  form  in  which  the  chlorophyll  complex  accumu¬ 
lates  during  intense  photosynthesis  is  the  reduced  form,  HX-C’hl-HZ. 


We  chose  above  equation  (27.6)  as  starting  point  of  our  considerations 

•  •  f/w  +V10  rpqpfion  of  the  light-activated  complex 

(and  not  a  similar  equation  for  the  reaction  ot  tn migm  ible 

with  the  oxidant  A'HsO),  and  are  now  interested  first  of  all,  in  t  p  . 

interdependence  of  k>  and  [ACO.],  caused  by  the  pnmary  back  reac  ^ 

Therefore,  mechanism  (28.20)  is  more  convenient  for  our  pun™* ‘ 

mechanism  (28.21),  (because  in  28.20  the  primary  back  reaction,  28.20a  , 

competes  directly  with  the  reduction  of  [ACO.J). 
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In  discussing  the  consequences  of  the  primary  back  reaction,  on  the  basis 
of  mechanism  (28.20),  we  will  neglect  the  second  anticipated  phenomenon— 
the  accumulation  of  tautomerized  chlorophyll  complexes  in  strong  light. 
(We  thus  introduce  a  new  cause  for  carbon  dioxide  saturation,  but  no  new 
cause  for  light  saturation.)  Later,  we  will  use  mechanism  (28.21)  to  con¬ 
sider  the  second  phenomenon  (accumulation  of  HX-Chl-HZ  in  strong 
light,  and  consequent  light  saturation),  while  in  turn  neglecting  the  pri¬ 
mary  back  reaction. 

By  assuming  [HX-Chl-Z]  [X. Chi. HZ],  conditions  become  formally 
analogous  to  those  prevailing  in  “ordinary”  photochemistry  in  vitro,  as  dis¬ 
cussed  above.  From  the  reaction  sequence  (28.20a-c)  we  obtain,  for  the 
photostationary  concentration  [HX-Chl-Z],  the  Stern-Volmer  type  equa¬ 
tion  : 

(28.22)  [HX  Chl-Z]  =  k*I[K- Chi •  HZ ]/(& '  +  L[AC02])  ^ 

k*ICh]0/(k'  +  kr  [AC02  ] ) 

and  hence:  / 

(28.23)  P  =  nkrk*I[AC02]Ch\Q/(k'  +  A;r[AC02]) 

(in  expected  formal  analogy  to  equation  28.1).  Comparison  with  equation 
(27.6)  shows  that  k*,  while  proportional  to  I,  is  now  in  fact  also  a  function 
of  [ACOa]: 


(28.24)  lc*  =  krk*I  Chlo /(*'  +  kr  [AC02]) 

It  [AC  O2]  increases  indefinitely,  P  approaches  the  maximum  rate: 

(28-25)  Pmax.  =  nk*ICh\o  =  nl  aChlo 

which  corresponds  to  the  maximum  quantum  yield,  n.  Similarly  to  the 
yield  (28.18),  n  is  independent  of  light  intensity. 

Equation  (28.23)  shows  that  back  reactions  in  the  photosensitive  com¬ 
plex  can  explain  the  increase  in  yield  with  increasing  [CO,]  and  the  final 
C  02]  saturation,  even  if  the  acceptor  A  is  available  in  unlimited  quantities 
(e.  g.,  if  [AC02]  stands  for  dissolved  carbon  dioxide,  the  quantity  of  which 
can  be  increased  practically  indefinitely  by  raising  the  partial  pressure  of 
carbon  dioxide  over  the  system).  In  other  words,  equation  (28.23)  indi- 
ca  es  how  a  limited  supply  of  light  quanta  can  account  for  hyperbolic  car- 
011  10x1c  e  curves,  without  the  assumption  of  a  limited  amount  of  a  [C021 
acceptor,  or  slow  diffusion,  or  slow  carboxylation. 

The *  effects  of  carbon  dioxide  supply  can,  of  course,  be  superimposed 
upon  those  of  limited  light  supply,  by  introducing  the  corresponding  ex 

“ "  fair '« "»  p«p»  ssftir 

C°2  accept0r’  W1“  not  to  «ght  saturation;  the  latter  will  t  ItZ 
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duced  if  one  uses  for  [AC02]  one  of  the  “kinetic”  expressions,  taking  into 
account  the  limited  rates  of  supply  processes  (carbon  dioxide  diffusion  and 
carboxylation).  Absolute  saturation,  P™*;  will  result  if  it  is  assumed  that 
a  maximum  rate  of  supply  exists  which  is  independent  of  [C02],  e.  g.,  as  a 
consequence  of  a  limited  amount  of  the  carboxylating  catalyst,  Ea- 

We  will  now  consider  the  second  phenomenon,  which  is  without  parallel 
in  “ordinary”  photochemistry,  and  arises  from  the  assumed  longevity  of 
the  “activated  state”  of  the  photosensitive  complex:  the  accumulation  of 
these  complexes  in  a  changed  form,  and  the  consequent  lack  of  propor¬ 
tionality  between  the  incident  light  intensity,  I,  and  the  photochemically 
significant  light  absorption,  Ja.  For  this  purpose,  we  use  the  alternative 
mechanism  (28.21),  since  the  postulated  practical  instantaneousness  of 
reaction  (28.21b)  gives  us  some  right  to  neglect  in  this  case  the  primary  back 
reaction,  (28.21a)  (i.  e.,  to  assume  fc0[A'H2O]  k ')  The  steady  state 
concentration  of  the  reduced  form,  [HX.Chl.HZ],  is,  under  these  condi¬ 
tions: 


(28.26)  [HX-Chl-HZ]  =  k*I  Chl0/(**/  +  L[AC02]) 

(implying  that,  in  the  absence  of  AC02,  all  chlorophyll  complexes  would 
go  over,  in  light,  into  the  reduced  form,  HX-Chl-HZ).  The  rate  of  photo¬ 
synthesis  is: 

(28.27)  P  =  nkr  [HX  •  Chi  ■  HZ  ]  [ACO2  ]  =  nkrChU*I  [AC02]/(k*I  +  A>[AC02]) 

Assuming  further  that  the  complex  AC02  is  in  equilibrium  with  free  carbon 
dioxide,  and  no  diffusion  gradient  exists,  so  that  [C02]  =  [C02]a  we  obtain. 

(28.28)  P  =  nAvChloA:  *IAqK  a  [C02  ]/(k*I  +  Ka[C02]k*I  +  ArrA0A.  a  [C02  ] ) 

an  equation  for  the  rate  of  photosynthesis  when  neither  the  preparatory 
nor  the  finishing  dark  reactions,  neither  on  the  “reduction  side”  nor  on  the 
“oxidation  side,”  have  a  rate-limiting  influence.  Light,  saturation  is  111 
this  case  due  entirely  to  the  limited  amount  of  the  acceptor  A0;  and  car¬ 
bon  dioxide  saturation,  to  the  limited  amount  of  chlorophyll,  Chl„. 

The  light  curves  (28.28)  are  hyperbolae: 

(28  29)  p^pmax.  _  p)  =  k*I{  1  +  KAC02])/krAoKAC02] 

The  half-saturating  light  intensity  is: 

(28  30)  X/J  =  krAoK » [C02 ] /( A: *  +  A*A'a[C02]) 


Extrapolating  to  [C02] 


co ,  we  obtain : 


(28.31) 


/  co  =  krAo/k 


* 


If  the  carboxylation  equilibrium 
generally,  instead  of  (28.30) : 
(28.31a)  V/ 


is  not  maintained  in  light,  we  have,  more 
=  kr[ACO->]/k* 
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Comparing  equation  (28.31a)  with  equation  (28.26),  we  note  that,  in  the 
particular  picture  we  are  considering  now,  “hall  saturation  ;  with  lig  t 
corresponds  to  the  equal  distribution  of  chlorophyll  between  the  forms 
X- Chi  HZ  and  HX-Chl-HZ: 

(28.32)  [HX-Chl-HZ]  =  Chl0/2  =  [X- Chi  -HZ] 

If  we  assume  that  reaction  (28.21a)  has  a  quantum  yield  of  unity,  the 
constant  k*  must  be  equal  to  the  frequency  of  light  absorptions  by  a  single 
chlorophyll  molecule.  We  recall  that  I  is  the  intensity  ol  light  actually 
reaching  the  volume  under  consideration,  and  that  light  absorption  within 
this  volume  is  supposed  to  be  so  small  that  the  rate  of  absorption  is  practi¬ 
cally  the  same  everywhere  within  it.  Under  these  conditions: 

(28.33)  k*  =  a  In  10  X  103  =  2.3  X  103  a  (mole/cm.2) 

where  ix  is  the  average  molar  absorption  coefficient  for  the  incident  light. 
This  equation  implies  that  I  is  measured  in  number  of  einsteins  of  light 
falling  per  second  on  a  square  centimeter  and  Chl0  is  expressed  in  moles  per 
liter.  According  to  page  838,  for  white  light,  1  lux  —  1.4  X  1012  quanta/ 
sec.  cm.2  =  2.3  X  10-12  einstein/sec.  cm.2  We  thus  have: 

(28.34)  k*  =  5.3  X  10_s  5  (mole/cm.2) 


applicable  when  7  is  expressed  in  lux  (meter  candles).  Average  absorption 
coefficient  of  chlorophyll  for  visible  light  is  of  the  order  of  104;  this  means 
k*  —  5  X  10~5,  or  one  photochemical  act  per  second  per  chlorophyll  mole¬ 
cule  in  light  of  20,000  lux. 

Experiments  indicate  that  t/J  „  is  of  the  order  of  5  X  103  lux  (c/.  Table 
28.1) ;  assuming  U~5X  10~5  and  A0~5X  10~2  m./l.  (roughly  the  con¬ 
centration  of  chlorophyll  in  the  plastids;  cf.  Vol.  I,  page  411),  we  obtain 
for  kr  a  value  of  5.  When  both  [C02]  and  I  are  very  large,  the  rate  ac¬ 
cording  to  equation  (28.28)  approaches  the  “absolute  ceiling” : 

(28-35)  PZl:  =  n&rChloAo  (  =  nk* Chl0  ,//„) 

which  is  the  maximum  possible  rate  of  reaction  (28.21c)  reached  when  all 

chlorophyll  is  in  the  state  HX-Chl-HZ,  and  all  acceptor  is  occupied  by 
carbon  dioxide. 

For  low  light  intensities  and  ample  supply  of  carbon  dioxide,  the  light 

curves  defined  by  equation  (28.28)  approach  asymptotically  the  limiting 
straight  line :  * 


(28.35a) 


T'/=o  =  nk*ChW 


The  simplifying  assumption  that  the  carbon  dioxide  acceptor  is  even 

enuinY  ph°tos^thesis>  111  equilibrium  with  external  carbon  dioxide 
e  dropped,  and  the  more  general  expression  (27.15)  for  [A-COo] 
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could  be  introduced  into  equation  (28.27)  instead  of  the  equilibrium  expres¬ 
sion  (27.3).  However,  the  resulting  equations,  embodying  the  effects  of 
cai  bon  dioxide  supply  limitations  together  with  the  limitation  due  to  light 
supply,  would  become  too  unwieldy  for  practical  use. 

One  may  ask  whether  equation  (28.35)  provides  a  sufficient  explanation 
of  the  absolute  saturation  of  photosynthesis,  i.  e.,  of  the  maximum  yields 
discussed  in  section  5  of  this  chapter.  We  can  obtain  from  equation 
(28.35)  the  following  estimate  of  the  maximum  possible  yield  of  photosyn¬ 
thesis  per  chlorophyll  molecule  per  second : 

(28.3G)  P£“:/Chlo  =  nkT A„  ( =  nk*  X/Im)  ^  0.025 

or,  for  “assimilation  time/’  T A: 

(28.36a)  Ta  =  Chlo/PJT:  -  40  sec. 


The  experimental  values  of  “assimilation  time”  ( cf .  Table  28. V)  actually 
range  from  10  to  100  sec.  (with  the  exception  of  the  remarkably  smaller 
values  found  for  aurea  varieties).  It  thus  appears  as  if  chlorophyll  could 
be  the  component  of  the  photosynthetic  apparatus  the  slow  rate  of  restor¬ 
ation  of  which  imposes  an  “absolute  ceiling”  on  the  rate  of  photosjmthesis. 
However,  this  is  not  the  only  adequate  answer  to  the  problem  of  absolute 
saturation,  since  flashing  light  experiments  reveal  the  existence  of  a  “finish¬ 
ing”  catalyst  (Franck’s  “catalyst  B”),  which  appears  to  be  present  in 
an  amount  equivalent  to  about  one  two-thousandth  of  that  of  chlorophyll, 
and  to  have  a  “working  time”  of  the  order  of  0.02  sec.  at  room  temperature; 
the  “ceiling”  imposed  by  this  catalyst  is  of  the  same  order  of  magnitude 
as  the  one  derived  in  (28.36),  since  2  X  103  X  2  X  10~2  is  the  same  as 
1  X  40. 

It  is  useful  to  show  why  the  approximate  agreement  of  the  value  (28.36) 
with  the  experimental  results  is  not  a  significant  confirmation  of  the  model 


used  in  the  derivation  of  this  equation. 

We  will  see  below  (page  1043)  that  in  a  rectangular  hyperbola,  the  three 
parameters  which  in  general  specify  a  hyperbola  such  as  (a)  the  initial 
slope,  ( b )  the  abscissa  corresponding  to  half-saturation  and  (c)  the  satura¬ 
tion  value  of  the  ordinate — are  not  independent  oj  each  other,  but  related 
by  equation  (28.48C).  What  we  did  above  was  to  insert  the  approximate 
experimental  value  of  two  of  these  parameters  (n  ^  0.1  and  y2/  —  104  lux) 
into  equation  (28.28),  which  represents  a  rectangular  hyperbola  {cf 
equation  28.29;  the  equation  in  parentheses  in  28.36  is  a  special  case  o 
28  48C);  and  to  derive  in  this  way,  an  approximately  correct  value  ol  the 
third  parameter  Pmax\  This  result  merely  shows  that  the  light  curves  (or, 
at  least  the  limiting  light  curve  at  high  [C02])  do  approximate  rec- 
tangular  hyperbolae.  Any  kinetic  mechanism  which  leads  to  light  curves 
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approximating  rectangular  hyperbolae  will  permit  a  correct  estimation  of 
the  third  parameter  from  the  experimental  values  of  the  two  other  para- 
meters. 

We  will  find  later  (cf.  chapter  32)  evidence  that  the  principal  rate- 
limiting  reaction  in  photosynthesis  is  a  dark  reaction  catalyzed  by  a  cata¬ 
lyst  (Eb)  which  is  present  in  the  cells  in  a  concentration  only  0.05%  of 
that  of  chlorophyll.  We  will  also  see  (page  1038)  that  this  type  of  limita¬ 
tion  leads  to  light  curves  which  are  hyperbolae,  but  not  rectangular  hyper¬ 
bolae.  It  remains  to  be  seen  whether  light  curves  can  be  measured  pre¬ 
cisely  enough  to  exclude  one  of  the  two  mechanisms. 

Is  it  possible  for  two  or  more  bottlenecks  to  exist  in  photosynthesis, 
each  allowing  the  passage  of  about  the  same  amount  of  reactants  the 
maximum  rate  of  passage  through  one  bottleneck  being  determined  by  the 
product  of  the  concentration  Chlo,  the  (approximately  equal)  concentra¬ 
tion,  Ao,  the  (bimolecular)  constant,  kr,  of  reaction  (28.21c)  and  the  quan¬ 
tum  yield  n  (0.052  X  5  X  0.1  =  1.25  X  10~3);  and  the  other,  by  the 
product  of  the  enzyme  concentration  Eb  and  its  (monomolecular)  rate 
constant  (2.5  X  10~5  X  50  =  1.25  X  10  ~3).  Such  a  coincidence  seems 
not  implausible;  it  could  even  be  considered  as  admirable  economy  in 
the  allotment  of  catalysts  to  the  cell.  (Why  have  more  of  a  certain 
catalyst  than  can  be  utilized  because  there  is  not  enough  of  another  one?) 
However,  certain  experimental  results  are  not  consistent  with  the  as¬ 
sumption  that  restoration  of  chlorophyll  is  the  bottleneck  which  limits 
(or  “co-limits”)  the  maximum  rate  of  photosynthesis;  these  data  indicate 
that  a  chlorophyll  molecule  which  has  taken  part  in  the  primary  photo¬ 
chemical  process  needs  much  less  than  40/i  (—4)  sec.  to  return  to  the  photo¬ 
sensitive  form.  We  mean  here  the  observations  of  Willstatter  and  Stoll 
^ma/able  28. \  ;  see  also  chapter  32,  fig.  32.2),  that  aurea  leaves  have 
I  \  alues  only  slightly  lower  than  those  of  ordinary  green  leaves, 
although  they  contain  only  one  third  (or  less)  of  the  normal  amount  of 
chlorophyll.  JThis  is  obviously  inconsistent  with  equation  (28.35),  and  indi¬ 
cates  that  Pmax-  is  determined  not  by  the  rate  of  restoration  of  the  photo- 
chemically  tautomenzed  chlorophyll  complex  (rate  constant  kr  in  equation 
28.35),  but  by  the  rate  of  transformation  of  a  substrate  by  a  catalyst  (such 
as  Eb)  that  is  kinetically  independent  of  chlorophyll.  The  above-esti¬ 
mated  value  of  kr  (^  5  (sec.  mole)-1)  is  therefore  merely  a  lower  limit ;  in 
tact,  quantitative  observations  which  aurea  leaves  indicate  that  the  true 
va  ue  of  this  constant  (which  determines  how  often  a  given  chlorophvll 

ten  21'i  T  t f0r  the  primary  photochemical  reaction)  is  at  least 
ten  imes  higher.  Tins  means  k,  >50  sec."  (for  [AC02]  =  0.05  mole/ 

iter),  assuming  that  the  primary  photochemical  reaction  is  (28  21c) 

of  the  kinetics  ,fnhn!al  °f  these  conclusions,  a  reinvestigation 

01  the  kinetics  of  photosynthesis  in  aurea  leaves  seems  desirable. 
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It  was  noted  that,  according  to  equation  (28.32),  half  saturation  of 
photosynthesis  with  light  should  take  place,  in  the  presence  of  excess  car¬ 
bon  dioxide,  when  chlorophyll  is  distributed  equally  between  the  forms 
X -Chi -HZ  and  HX-Chl-HZ.  This  state  should  also  correspond  to  the 
halfway  point  in  the  transition  of  fluorescence  from  the  “low  light”  yield, 
to  the  “high  light”  yield,  <p2  (cf.  page  1049).  It  has  been  argued  that  ac¬ 
cumulation  of  one  half  the  total  quantity  of  chlorophyll  in  a  changed  state 
during  intense  photosynthesis  is  unlikely,  since  no  reversible  change  in  the 
spectrum  of  strongly  illuminated  green  plants  has  ever  been  noticed.  An 
exact  experimental  re-examination  of  this  statement  remains  desirable; 
but  even  if  it  were  confirmed,  this  might  only  mean  that  the  spectrum  of 
the  chlorophyll  complex  in  the  form  which  accumulates  in  strong  light  is 
practically  identical  with  that  of  the  form  present  in  darkness.  This  is 
quite  possible,  since  the  difference  in  composition  is  supposed  to  lie  not  in 
the  chlorophyll  molecule  itself,  but  in  the  associated  hydrogen  donors  and 
acceptors. 

One  has  to  distinguish  between  this  hypothesis  and  the  assumption 
(favored,  among  others,  by  Franck  and  Herzfeld)  that  the  conversion  of 
X-  Chi  HZ  to  HX-Chl-Z  (or  of  AC02-Chl-  A'H20  to  AHC02-Chl-  A'HO 
to  use  Franck’s  picture)  requires  two  quanta,  with  an  intermediate, 
X  •  ChlH  •  Z,  formed  by  the  first  quantum.  According  to  this  picture,  when 
photosynthesis  proceeds  most  efficiently,  the  rate  of  light  absorption  by 
ChlH  must  be  equal  to  that  by  Chi  (because  only  under  these  conditions 
can  all  quanta  be  utilized).  If  this  assumption  is  made,  we  must  postulate 
a  close  similarity  between  the  spectra  of  the  compounds  Chi  and  ChlH. 
This,  too,  is  not  impossible,  but  more  remarkable  than  a  spectroscopic 

similarity  between  X- Chi -HZ  and  HX-Chl-HZ. 

If  the  changed  form  of  the  chlorophyll  complex  is  green,  the  question 
arises  as  to  the  photochemical  effect  of  light  absorbed  by  this  form.  One 
possibility  is  that  the  quanta  absorbed  by  the  changed  form  produce  no 
photochemical  effect  at  all;  the  other  that  they  cause  photochemical  back 

reactions,  such  as: 

HX.Chl.z hZ — >  X-Chl-HZ  or  HX-Chl-HZ  +  A'HO - > 

HX-Chl-Z  +  A'H20 


Kinetic  considerations  show  that  photochemical  back  reactions  would  not 
in  themselves  cause  light  saturation,  but  merely  reduce  the  quantum  yield 
by  the  same  factor  at  all  light  intensities.  Franck  and  Herzfeld  m  one  of 
their  earlier  speculations  on  the  mechanism  of  photosynthesis  (1937),  sug¬ 
gested  that  light  saturation  may  he  caused  by  pholochemtcally  m  «<«  1 
lack  reactions:  but  they  abandoned  this  hypothesis  later  (1041)  in  favoi 
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the  assumption  that  light  saturation  is  usually  caused  by  nonphotochemical 
back  reactions,  which  compete  with  the  forward  dark  reaction  catalyzed  by 

the  catalyst  “B.” 


(e)  Analytical  Formulation:  Effect  of  “ Finishing ”  Dark  Reactions 


The  necessity  of  considering,  in  addition  to  the  “preparatory”  dark  re¬ 
actions  and  the  reversible  changes  in  the  chlorophyll  complex,  the  “finish¬ 
ing”  dark  reactions  as  possible  sources  of  light  saturation  phenomena  in 
photosynthesis  arises  from  several  observations.  It  was  mentioned  above 
that  experiments  in  flashing  light  (to  be  described  in  chapter  34)  demon¬ 
strated  directly  the  existence  of  a  “finishing”  catalyst  with  a  “working 
period”  of  the  order  of  10~2  sec.  at  room  temperature.  The  maximum 
yield  obtainable  per  single  flash  shows  that  this  catalyst  is  present  in  a  con¬ 
centration  equivalent  to  0.05%  of  that  of  chlorophyll.  Consequently,  as 
indicated  above  (page  1031  it  imposes  a  “ceiling”  on  the  over-all  rate  of 
photosynthesis  of  about  one  molecule  carbon  dioxide  reduced  per  chloro¬ 
phyll  molecule  every  40  seconds — which  is  close  to  the  actually  observed 
maximum  rate  of  photosynthesis  at  room  temperature.  A  second  relevant 
observation  is  made  by  comparing  the  light  curves  of  photosynthesis  of 
various  plants  with  the  light  curves  of  their  fluorescence  ( cf .  part  B  of  this 
chapter).  If  the  light  saturation  of  photosynthesis  were  due  to  a  slow 
supply  reaction  (i.  e.,  to  the  depletion  of  one  of  the  reactants,  ACO2  or 
A'H20,  in  intense  light),  or  to  slow  regeneration  of  the  photosensitive  form 
of  the  chlorophyll  complex,  in  both  cases,  the  light  saturation  would  be 
associated  with  accumulation  of  the  photosensitive  complex  in  a  chemically 
changed  form  (such  as  HX-Chl-Z  or  HX-Chl-HZ),  and  should  therefore 
reveal  itself  by  simultaneous  changes  in  the  fluorescence  yield  of  the  com¬ 
plex.  This  is  actually  the  case  sometimes,  but  not  always.  Figure  28.24, 
for  example,  shows  light  saturation  of  photosynthesis  of  Chlorella  without 
any  change  in  the  yield  of  fluorescence;  and  even  in  figure  28.26,  satura¬ 
tion  is  almost  completed  before  fluorescence  begins  to  change  its  yield. 
In  all  such  cases,  saturation  must  be  due  to  the  failure  of  a  finishing  dark 
reaction  to  keep  pace  with  the  primary  photochemical  process — a  failure 
that  produces  no  change  in  the  composition  of  the  photosensitive  complex, 

but  leads  to  the  loss  of  a  large  part  of  primary  photoproducts  by  back  reac¬ 
tions. 


It  was  stated  before  that  the  distinction  between  preparatory  and 
finishing  dark  reactions  is  not  so  clear-cut  in  Franck’s  theory  of  “narcotic 
regulation”  of  photosynthesis.  According  to  this  theory,  accumulation  of 
primary  oxidation  products  (“photoperoxides”)  leads  not  (or  not  only)  to 
back  reactions  between  these  peroxides  and  the  primary  reduction  products 


1034 


THE  LIGHT  FACTOR.  I.  INTENSITY 


CHAP.  28 


(as  was  assumed  above),  but  also  to  the  oxidation  of  certain  metabolites 
(sugars?)  which  produces  a  “narcotic”  (a  fatty  acid?).  The  latter  settles 
on  the  chlorophyll  complex,  prevents  any  further  acceleration  of  the  pri- 
mary  photochemical  reaction,  and  causes  a  strong  increase  in  fluorescence. 

In  the  case  of  purple  bacteria  the  following  two  alternative  descriptions 
of  the  rate-limiting  and  fluorescence-enhancing  effect  of  a  limited  supply 


of  the  reductants  (H2,  H2S2O3  .  .  .)  are  possible:  Either  one  considers  this 
supply  as  a  'preparatory  reaction,  whose  slowness  causes  the  photosensitive 
complex  to  accumulate  in  a  changed  (more  strongly  fluorescent)  form, 
such  as  X-Chl-Z;  alternatively,  (using  Franck’s  theory)  one  can  treat 
this  supply  as  part  of  a  finishing  reaction  (“disposal  of  photoperoxides”), 
and  explain  its  effect  on  fluorescence  as  a  consequence  of  the  production  of 
the  “narcotic”  by  accumulated  peroxides.  In  both  cases,  the  light  curve 
of  photosynthesis  will  approach,  with  increasing  light  intensity,  a  limit  de¬ 
termined  by  the  maximum  rate  of  supply  of  the  reductants  (either  by  dif¬ 
fusion  or  by  a  preliminary  enzymic  transformation). 

Another  argument  against  general  attribution  of  the  assimilation  num¬ 
bers  of  green  plants  to  the  rate-limiting  influence  of  preparatory  reactions 
— specifically,  those  on  the  “carbon  dioxide  side” — was  mentioned  in  Chap¬ 
ter  12  (Vol.  I)  in  connection  with  the  influence  of  cyanide  on  photosynthesis. 
It  was  stated  there  that  the  difference  in  the  amounts  of  cyanide  required 


to  reduce  by  a  certain  factor  the  rate  of  photosynthesis  in  different  plant 
species  is  most  easily  understood  if  one  assumes  that  the  cyanide-sensitive 
catalyst  (which,  in  all  probability,  is  the  “carboxylase”  EA)  is  not  rate- 
limiting  in  strong  light  in  the  absence  of  the  poison,  and  becomes  limiting 
only  when  a  considerable  part  of  it  is  inactivated.  If  a  different  ratio 
E  4/EB  prevails  in  various  species  and  strains,  the  fraction  of  EA  that  has 
to  be  inactivated  in  order  to  make  this  catalyst  “limiting  ’  also  must  change 
from  case  to  case. 

What  kind  of  back  reactions  can  compete  with  finishing  catalytic  re¬ 
actions  in  photosynthesis?  In  section  d  of  this  chapter,  we  consideied  the 
“primary”  back  reaction,  HXChlZ  ->  X- Chi -HZ,  which  can  be  called 
“detautomerization”  of  the  chlorophyll  complex.  In  equations  (28.20)  and 
(28  21)  this  reaction  competes  with  the  secondary  photochemical  forwar 
reaction  e.  g (28.20b)  or  (28.21b).  We  noted  on  page  1024  that  this 
competition  can  cause  carbon  dioxide  saturation,  but  not  light  saturation, 
because  the  proportion  of  quanta  lost  by  this  Und  of  tadt  reaction ms  ^de¬ 
pendent  of  light  intensity.  If  one  would  treat  (28.20b)  01  (28.21b)  as  a 
catalytic  reaction,  assigning  to  it  a  catalyst  with  the  concentration  and 
working  speed  attributed  above  to  “catalyst  B.”  this  would  produce dig  i 
saturation  but  the  latter  will  again  be  associated  with  the  accumulate 
the  form  X  •  Chi  •  Z  or  HX  •  Chi  ■  HZ  and  thus  with  a  change  in  the  intens.tj 
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of  fluorescence.  To  explain  saturation  not  accompanied  by  changes  in 
fluorescence  intensity,  the  deficient  catalyst  must  be  placed,  not  between 
one  of  the  two  reactants  (AC02  or  A'H20)  and  the  photosensitive  complex, 
but  between  the  primary  and  the  finished  products  ol  photosynthesis.  In 
other  words,  the  back  reactions  caused  by  the  catalytic  deficiency  must  be 
“secondary”  rather  than  “primary.”  A  back  reaction  of  this  kind  was 
therefore  added  as  reaction  d  in  mechanisms  (28.20)  and  (28.21).  We  can 
postulate,  e.  g.,  that  reaction  (28.20d)  comes  into  play  because  the  transfor¬ 
mation  of  the  first  photoproduct,  AHC02,  into  a  more  stable  intermediate 
requires  a  catalyst,  EB  (perhaps  a  “mutase”),  which  is  present  in  limited 
quantity.  A  similar  postulate  could  be  made  for  the  effect  of  the  catalyst 
Ec,  which  is  required  for  the  first  step  in  the  conversion  of  A 'HO  into  free 
oxygen.  Because  of  the  symmetry  we  have  assumed  between  the  right  and 
left  sides  in  schemes  28. IA  and  B,  a  limitation  in  the  utilization  of  the  oxida¬ 
tion  products  will  have  the  same  effect  on  the  kinetics  of  the  process  as  a 
whole  as  a  limitation  of  the  utilization  of  the  reduction  products.  In  the 
first  case,  the  secondary  back  reaction  will  be  accelerated  by  the  accumula¬ 
tion  of  the  primary  oxidation  product,  A'HO;  in  the  second  case,  by  the  ac¬ 
cumulation  of  the  primary  reduction  product,  AHC02. 

Using  reactions  (28.20)  we  can  tentatively  assume  that  EB  acts  on  the 
first  reduction  product,  AHC02,  according  to  the  scheme : 


(28.38a) 


AHC02  A  Eb  t- 


kL 


EbAHC02 


(28.38b) 


EbAHCOo 


->  Eb  A  A  A  IHCO,} 


v  here  { HC02 }  designates  a  stabilized  reduction  product. 

(If  reaction  28.38b  is  a  dismutation ,  it  may  require  the  participation  of 
two  AHC02  radicals,  but  we  will  use  here  the  simplest  possible  mechanism.) 
1  he  rate  of  photosynthesis  is,  according  to  this  scheme: 

(28-39>  P  =  nke  [EbAHC02] 

and  the  “absolute  maximum  rate”  is: 


(28.40) 


=  nkc  E" 


where  EB  is  the  total  available  quantity  of  the  “limiting”  enzyme. 

An  equation  for  P  as  a  function  of  I  and  [C02]  can  be  derived  from  this 
mechanism;  but  it  is  complicated,  even  if  all  the  possible  simplifving 
assumptions  are  made,  and  little  could  be  achieved  by  writing  it  down  here 
he  situation  is  simplified  if  we  again  make  use  of  Franck  and  Herzfeld’s 

r:  rsA'H  o  r,7VA;  v°:  n  ^  *■  «*■*.  w  a“e! 

the  pf0Lbrtng  1  ,hC  Ph0“«™  complex,  and  take  part  in 

Vnmary  photochemical  process,  «.  g„  in  the  way  indicated  in  equation 
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(28.15).  In  this  case,  the  primary  back  reaction  (detautomerization)  itself 
becomes  a  competitor  to  finishing  dark  reactions,  and  it  can  therefore  be 
assumed  that  the  role  of  the  catalyst  EB  is  to  prevent  this  reaction  from  de¬ 
stroying  the  photoproducts.  This  point  of  view  was  used  in  the  elaboration 
of  kinetic  equations  of  photosynthesis  by  Franck  and  Herzfeld  (1937). 
Their  derivations  are  complicated  by  the  assumption  of  four  successive 
(different)  photochemical  steps  “on  the  reduction  side,”  alternating  with 
four  (identical)  photochemical  steps  “on  the  oxidation  side”;  the  product 
of  each  of  these  steps  was  supposed  to  require  stabilization  by  the  same 
“catalyst  B,”  in  order  to  prevent  this  step  from  being  reversed  by  a  dark 
reaction.  Instead  of  trying  to  present  here  the  derivations  of  Franck  and 
Herzfeld  we  will  use  a  simpler  mechanism  embodying  the  same  basic  con¬ 
cept  of  primary  back  reaction  as  cause  of  light  saturation.  This  mechanism 
is  similar  to  the  one  given  in  equation  (7.13)  in  Volume  I,  but  is  further 
simplified  by  the  substitution  of  a  single  primary  photochemical  step  for 
the  two  steps  (7.13a)  and  (7.13b).  The  reaction  scheme  is: 


k*i 


(28.41a,  a')  AC02-Chl  •  A'H20  ^ 


AHC02-Chl  •  A'HO  Primary  forward  and 
k'  back  reaction 


(28.41b)  AHC02 -Chi- A'HO  +  Eb 


-4  EbHC02  +  A-Chl-A'HO 


(28.41c) 


EbHC02 


kl 


-4  Eb  +  {HC02) 


Catalytic 
stabiliza- 
f  tion  of  re¬ 
duction 
product 


(28.41d)  A -Chi  -  A'HO  +  1I20 
(28.41e)  A-Chl-A'H20  +  C02 


-4  A-Chl •  A'H20  +  {HO) 


->  AC02-Chl  •  A'H20 


“Reloading”  of 
j  chlorophyll 


We  assume  that  EB  is  needed  only  for  “stabilization”  of  the  reduction 
product,  AHC02,  and  that  this  stabilization  is  achieved,  in  reaction 
(28.41b),  by  taking  the  reduced  group,  HC02,  away  from  the  chlorophyll 
complex  and  thus  preventing  its  back  reaction  with  the  oxidized  group, 
HO.  (It  is  not  suggested  that  the  radicals  HC02  or  OH  occur  in  the  free 
state;  these  symbols  can  stand  for  corresponding  functional  groups  in 

larger  molecules,  as  indicated  by  braces  in  28.41c  and  d.) 

In  order  to  simplify  the  derivations  still  more  and  to  elaborate  only  lie 
effect  due  to  the  back  reaction,  we  further  assume  that  the  reactions  (28.41d 
and  e)  by  which  the  photosensitive  complex  is  supplied  with  fresh  oxi¬ 
dant  and  fresh  reductant,  respectively,  are  practically  instantaneous. 
Under  these  conditions,  only  two  factors  can  cause  light  saturate  .  ( 
accumulation  of  the  photosensitive  complex  in  the  tautomenc  fo 
AHC02  •  Chi  •  A  'HO ;  and  ( b )  accumulation  of  the  catalyst  EB  m  e  oum 
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form,  EbHC02.  The  equation  for  P  which  takes  into  account  these  two 

effects  is  quadratic;  its  one  significant  solution  is: 

\k.k*ICh\0  4-  k'K  +  Kk*I  +  Kke  E£ 

(28.42)  P  =  1  /»  j - 2X“ 

k'Kk*l  +  k,'kcl.\\ 

where  n,  as  before,  means  the  number  of  elementary  photochemical  steps 
(28.41a)  required  for  the  reduction  of  one  molecule  of  carbon  dioxide. 


[( 


kek*ICh\0  +  k'k:  + 


2  ke 


y- 


A-'EU*/  Chi 


•]' 


AC02-Chl-A  H20 


(28.41a)  k*I  k1  (28.41a’) 


AHC02-Chl-A'  HO 


(28.41b)  +Eb 


r 

EBHC02 


4 

A-ChI  A'  HO 


ke 


k  -  °° 


+  H20  +  C02 


fB  +  (hco2) 


(ch2o) 


f 


-A- 


(28.4ld,e) 

AC02ChlA'H20  |ho] 

I 
I 

4 

o2 

Scheme  28.11.  Photosynthesis  according  to  mechanism  (28.41). 


Equation  (28.42)  describes  a  hyperbolic  light  curve  with  an  initial  slope : 


(28  43) 


(dP/dl)  o  =  nkeE°Bk*Chl0/(k'  +  keE°B) 


If  k'  <  A’eEB  (so  that  back  reactions  play  no  important  part  in  weak  light) 
we  have: 


(28-44)  (dP/dl)  o  =  nk*  Chlo 

In  other  words,  in  weak  light,  all  light  quanta  absorbed  are  used  for  photo¬ 
synthesis  with  the  maximum  possible  quantum  yield,  n.  If,  however  k' 

is  not !  «  the  quantum  yield  will  remain  <  n  even  if  extrapolated  to 

zero  illumination. 

equltion^)!  is:  bS0‘Ute  ^  '***>M*  “  St‘'°ng  light’  aCC0,ding  fc° 
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<28-45)  P™.  =  nfceChlo^E°B/(A:eChlo  +  it.') 

(the  lower  index  being  justified  by  the  assumption  that  reaction  with 
carbon  dioxide  is  practically  instantaneous).  If  k'e  <  kc Chl0,  equation 

(28.45)  is  reduced  to: 

(28.46)  P™;  =  tiA:,'Eb 

which  obviously  is  the  maximum  possible  rate  of  restoration  of  the  free 
catalyst  EB  by  reaction  (28.41c).  It  will  be  noted  that,  if  fceChl0  is  not 
ke,  this  rate  is  not  reached  even  in  saturating  light  intensity;  in  other 
words,  the  catalyst  EB  is  never  utilized  to  the  maximum  of  its  capacity. 
In  the  opposite  extreme  case,  k'e  fteChl0,  the  saturation  value  becomes: 

(28.47)  =  nfceChl0E°B 


in  other  words,  the  limiting  rate  is  the  maximum  rate  of  reaction  (28.41b), 
reached  when,  in  the  photostationary  state,  practically  all  chlorophyll 
complexes  are  in  the  “tautomeric”  form,  AHCCVChl-  A'HO. 

This  last  conclusion  reminds  us  of  the  fact  that  the  Franck-Herzfeld 
variant  of  the  mechanism  of  EB-limitation  of  photosynthesis  does  not 
strictly  belong  under  the  heading  of  “limitation  by  finishing  dark  reac¬ 
tions,”  since  we  have  defined  finishing  reactions  as  those  whose  slowness 
does  not  affect  the  composition  of  the  photosensitive  complex  (and  thus 
the  rate  of  the  primary  photochemical  process) .  The  reason  why  the  reac¬ 
tion  catalyzed  by  catalyst  EB  in  scheme  (28.41)  does  not  qualify  as  finish¬ 
ing  reaction  is  obvious:  it  is  the  assumed  stable  association  of  the  sub¬ 
strate  of  this  reaction,  { AHCO2},  with  chlorophyll.  As  long  as  this  photo¬ 
chemical  product  has  not  reacted  with  EB,  it  “blocks”  the  return  of  the 
chlorophyll  complex  into  the  photosensitive  form,  ACCV  Chi  -A'lEO. 

The  half-saturating  light-intensity  according  to  equation  (28.42)  is: 


(28.47A)  >//  = 


(*' 


+  KE°, 


K  T  V2  A-eChlo 
k'  -(-  A-eChlo 


) 


A**(A'e  T  A'e(  ’hlo) 


(It  will  be  recalled  that  equation  28.42  was  derived  by  assuming  complete 
and  instantaneous  saturation  of  the  acceptor  with  carbon  dioxide;  there¬ 
fore  no  [C02] -proportional  factor  appears  in  equation  28.47 A.) 

The  hyperbola  represented  by  equation  (28.42)  is  not  rectangulai ,  1 
therefore  cannot  be  represented  in  the  form  P/  (Pm ax.  P)  ton.'t.  X 

The  degree  of  its  deviation  from  the  shape  of  a  rectangular  hyperbola,  with 
the  same  initial  slope  and  same  saturation  value,  can  be  seen  from  a  com¬ 
parison  of  the  half-saturating  intensity  (28.4 /A)  with  the  hall-satu,a  g 
intensity  derived  from  (28.43)  and  (28.45)  by  means  of  equation  (28.480). 
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T  _  k'(k'  +  keEl) 

(28.47B)  v^rect.  -  k*(k;  +  keCh\o) 

The  two  expressions  become  identical  if  A*' »  A*eC ’hlo ;  in  which  case  we  write : 

(28.47Ba)  i/J  =  (*'  +  keE°B)/k* 

This  was  stated  before  to  mean  that  the  bottleneck  reaction  is  (28.41b), 
while  the  catalyst,  EB,  is  present  in  excess.  According  to  (28.47)  it  also 
means  that  the  maximum  yield  is  proportional  to  C'hl0;  and  the 

observations  on  aurea  leaves,  quoted  above  on  page  1031,  indicate  that  this 
condition  is  not  realized  in  nature.  The  reverse  relation,  /reChlo  ^  ke, 
which  allows  EB  to  be  fully  utilized  and  the  maximum  rate  (equation  28.46) 
to  be  independent  of  chlorophyll  concentration,  appears  the  more  likely  ap¬ 
proximation  to  natural  conditions.  This  inequality  reduces  (28. 47 A)  to: 


(28.47C) 


z  =  K{k'  +  72A-eE°B) 
1/2  k*keCh\o 


(k'  <C  ke Chlo) 


Furthermore,  we  have  seen  above  that,  for  the  utilization  of  practically 
all  the  absorbed  light  quanta  at  low  light  intensities,  k '  must  be  -C  ke EB; 
we  thus  have  approximately : 

(28.47D)  ,/,/  -  W  «  ReChlo;  k'Cke E°B) 

(nonrectangular  hyperbola),  and: 

7.  T?0 

(28.47E)  i/J  —  (k:  » A:eCh]0;  k'<^keE°B) 


(rectangular  hyperbola).  It  thus  appears  that  the  hyperbola  (28.42) 
ascends  more  steeply  and  reaches  saturation  more  suddenly  than  a  rec¬ 
tangular  hyperbola  with  the  same  parameters  n  and  This  deviation 

from  the  shape  of  a  rectangular  hyperbola  is  in  the  direction  actually  noted 
in  many  experimental  light  curves  (cf.  the  speculations  of  Brackett  and 
Smith  in  the  next  section). 


It  was  stated  above  that  the  empirical  relation  between  the  parameters 
n,  i/J,  and  P™**;  is  approximately  that  required  for  a  rectangular  hyperbola. 
However,  the  calculation  which  led  to  this  conclusion  was  one  of  order  of 
magnitude  only;  more  precise  determinations  of  the  light  curves  may  show 
whether  a  deviation  from  the  rectangular  hyperbola  by  a  factor  of  1/2  in 
he -//-value  is  compatible  with  the  facts.  Such  a  determination  should  not 
be  beyond  the  precision  with  which  kinetic  measurements  of  photosynthesis 
can  be  carried  out  at  the  present  time  (although  the  persistent  disagreement 
.out  a  factor  of  about  1/2  in  the  value  of  n,  to  be  described  in  the  next 
(haptei,  indicates  the  difficulty  of  such  measurements). 
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It  is,  of  course,  possible  to  combine  the  above  derivations  with  the  as¬ 
sumption  of  slow  carbon  dioxide  supply  (in  consequence  of  slow  diffusion, 
slow  carboxylation  or  low  content  of  the  enzyme  EA),  in  other  words,  to 
drop  the  assumption  that  equation  (28.41e)  is  an  instantaneous  reaction. 
In  this  case,  one  would  have  to  take  into  consideration  the  accumulation 
of  the  chlorophyll  complex  also  in  the  “carbon  dioxide-denuded”  form, 
A -Chi  -A'H20.  Such  derivations  were  actually  carried  out  by  Franck  and 
Herzfcld,  using  their  eight-step  mechanism. 

It  may  be  noted  that  in  the  case  of  mechanism  (28.41),  as  in  that  of  the 
previously  considered  mechanisms,  the  result  would  be  formally  the  same 
if  the  limiting  finishing  catalyst  EB  would  be  assigned  to  the  stabilization 
of  the  oxidation  product  {HO }  instead  of  the  reduction  product,  {HCCbS, 
i.  e.,  if  this  catalyst  would  be  needed  to  make  possible  reaction  (28.4 Id), 
rather  than  reaction  (28.41e). 


The  reason  Franck  and  Herzfeld  had  to  assume  that  the  catalyst  Kb  works  on 
all  seven  intermediate  products  (and  does  not  merely  create  a  single  ‘  bottleneck, 
e.  g.,  after  the  fourth,  or  seventh  photochemical  step)  is  as  follows:  If  one  assumes  eight 
photochemical  steps  and  only  one  bottleneck,  then,  in  strong  light,  the  intermediate 
just  before  the  bottleneck  will  accumulate  at  the  expense  of  all  the  others.  If  now  the 
light  intensity  is  suddenly  reduced,  a  certain  time  must  elapse  until  the  distribution  of 
intermediates  can  become  uniform.  Uniform  distribution  is,  however,  necessary  to  ob¬ 
tain  the  maximum  quantum  yield  (since  for  this,  all  eight  photochemical  steps  must  occur 
with  equal  frequencies).  It  follows  that  sudden  reduction  of  light  intensity  from  the 
saturation  range  to  the  linear  range  should  cause  photosynthesis  to  drop  “too  low,  and 
then  gradually  recover  to  the  normal  value.  Franck  and  Herzfeld  took  it  for  granted  that 
no  such  effect  exists,  and  this  caused  them  to  assume  equal  proportions  of  back  reactions 
(i  e  ,  equal  role  of  the  catalyst  Eb)  for  all  eight  intermediates. 

However,  Steemann-Nielsen  (1942,  1949)  has  described  experiments  in  which  in¬ 
duction  losses”  following  a  transition  from  stronger  to  weaker  light  have  in  fact  been  o  - 
served  in  the  algae,  Fucus  serratus  (1942),  and  Cladophora  tmigms  (1949).  (These  ob¬ 
servations  will  be  described  in  chapter  33,  dealing  with  induction  phenomena.)  It  is, 
however,  not  at  all  certain  that  the  induction  effects  observed  by  Steemann-Nielsen  are 
actually  caused  by  unequal  distribution  of  intermediates  in  strong  light;  the  observed 
duration  of  the  induction  period  (up  to  30  min.)  seems  much  too  long  for  this  origin.  It 
seems  more  likely  that  these  induction  losses  are  related  to  “narcotization,  Photo3“  - 
tion  or  some  other  type  of  inhibition  or  partial  destruction  of  chlorophyll  in  str ong  1  g  . 
This  loss  of  active  chlorophyll  is  not  noticeable  when  the  over-all  rate  is  limited  by 

chlorophyll-independent  “ keepallEB  occupied. 

only  a  fract.on  of  chlorophyll  is  active,  ■<?  ' actmtyy  „  ^  "narcotised”  (or 

So^hyll  must  reveal  i'tself  in  a  proportionally  decreased  rate  of 

photosynthesis.  distribution  of  intermediates  become  unnecessary  if 

one  *  -  —  «  ^ 

oxidoreductions. 
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Another  consequence  of  the  assumption  of  an  eight  times  repeated  action  of  the 
catalyst  E„  is  that  the  estimate  of  the  ratio  ES/Chl„  must  be  reduced  from  1:2000  to 
1:250  ( cf .  chapter  34). 


(/)  Analytical  Formulation:  Narcotization 

Franck  has  evolved  the  concept— repeatedly  referred  to  above— of  in¬ 
ternal  regulation  of  photosynthesis  by  “self-narcotization.  This  sell- 
narcotization  occurs,  according  to  Franck,  whenever  excess  light,  or  lack  of 
reactants,  or  presence  of  poisons,  make  the  photochemical  apparatus  de¬ 
ficient  in  normal  substrate,  and  creates  the  danger  of  this  apparatus  ‘  run¬ 
ning  amok”  and  destroying  valuable  cell  components  (including  itself). 
The  specific  form  of  this  protective  mechanism,  envisaged  by  Franck, 
consists  in  the  formation  of  a  “half-oxidized”  metabolite  (a  plant  acid?), 
which  is  adsorbed  on  chlorophyll,  blanketing  all  or  part  of  it,  preventing  its 
photosensitizing  activity  and  incidentally  enhancing  its  fluorescence.  We 
will  derive  kinetic  equations  for  a  simple  “servomechanism”  of  this  type, 
to  see  whether  it  can  introduce  fundamental  changes  in  the  shape  of  the 
light  curves  of  photosynthesis  (and  fluorescence). 

We  consider  the  following  mechanism: 

+**/ 

X-Chl-HZ  - »  XH-Chl-Z 

XH •  Chi •  Z( -f { CO2 1 )  —  -°°)>  {HC02}  +  X-Chl-Z 
X-Chl-Z  (+{H20))  X-Chl-HZ  +  {OH} 


(28-47Fa)  X-Chl-HZ  (+  |C02}  +  {H20}) 


->  {HC02}  +  {OH}  + 

X-Chl-HZ 


(28-47Fb) 

(28.47Fc) 


{OH}  +  E 
EOH  — — 


-»  EOH 


->  E(+  0>) 

(28-47Fd)  {OH}  4-  X-Chl-HZ  (+  H,M)  - X-Chl-HZ-HM  +  H20 

( =  { Chi }  -f-  H-20) 


(28.47Fc)  X-Chl-HZ-HM  (+  JO,) 


kL 


X-Chl-HZ  (+  M  +  |H20) 


is  an  abbreviated  expression  for  the  “narcotized  chlorophyll  ” 
X-Chl-HZ-HM.  ’ 

I  he  components  in  parentheses  are  supposed,  for  the  sake  of  simplifica- 
ion,  to  be  present  in  excess  and  to  react  practically  instantaneously,  so 

tim,  Of  7l  C°“10nS  d°  n0t  appear  “  kinetic  equations.  The  summa- 
the  hist  three  equations  gives  equation  (28.47Fa)  for  the  primary 

P  otochemical  process.  It  is  further  assumed  that  the  reduction  product 
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|HC02},  is  removed  practically  instantaneously,  but  that  the  oxidation 
product,  {OH},  has  to  undergo  an  enzymatic  transformation  (28.47Fb,  c), 
which  includes  a  “bottleneck”  reaction  imposing  an  absolute  ceiling 
(28.47H)  on  the  over-all  rate  of  photosynthesis. 

If  reaction  (28.47Fa)  runs  too  fast  for  the  reactions  (28.47Fb,c)  to  re¬ 
move  the  oxidation  products  immediately,  the  “narcotization”  mechanism 
(28.47Fd,  e)  comes  into  play;  accumulated  {OH}  reacts  with  a  metabolite, 
H2M  (supposed  to  be  present  in  excess  in  the  cells),  and  oxidizes  it  to  a 
“narcotic,”  HM,  which  is  adsorbed  on  chlorophyll  and  inactivates  it 
(supposedly  without  affecting  the  absorption  spectrum,  but  increasing  the 
yield  of  fluorescence).  The  narcotization  is  removed  by  reaction  (28.47Fe), 
which  completes  the  oxidation  of  the  “half-oxidized”  product.  (At  a  con¬ 
stant  concentration  of  oxygen,  this  reaction  can  be  treated  as  monomolecu- 
lar.) 

The  rate  of  photosynthesis  is,  in  this  scheme,  equal  to  the  rate  of  the 
limiting  reaction  (28.47Fc): 

(28.47G)  P  =  nke  [EOH  ] 


the  maximum  possible  rate  is  (the  subscript  max.  being  justified  by  the 
above-made  assumption  of  practically  instantaneous  supply  of  carbon 
dioxide) 

(28.47H)  PZl:  =  nkeE0 

The  factor  n  designates,  as  before,  the  number  of  elementary  photo¬ 
chemical  steps  of  type  (28.47Fa)  required  for  the  production  of  one  molecule 
of  oxygen. 

We  introduce  the  abbreviation: 

,  kckn 

(28.47Ha)  k  ~  kJ, 


An  equation  for  the  rate  of  photosynthesis  can  be  obtained  by  deter¬ 
mining  the  photostationary  concentration  [EOH]  and  then  applying 
equation  (28.47G).  The  result  is: 


(28.471)  £  = 


k*IkCh\o  +  kekE0  +  ftChlo  _ 

2(fc-—_T) 

r /k*IkCh\o  +  kekEo  +  fc;ChloY  _  fc.fc*/fcChloE0~|‘ 

9.(1-  -  n  /  k  -  1  J 


A 


2 (k  -  1) 


(One  can  easily  ascertain  that  this  equation  gives  correctly,  P  -  0  lor  / 

0  and  Pmax'  =  nkeE0  for  I  =  ®.) 

The  light  curves  (28.471)  are  nonrectangular  hyperbolae  with  the  mitia 
slope: 

(dP\ 


nkek* 


nkfJknk 
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and  the  half-saturating  intensity: 

r  keE0(k  +  1)  +  2K  Ohio 
(28-48)  Vd  "  2/c*/rChl0 


(^)  ,4  re  Light  Curves  Hyperbolic? 

It  will  be  noted  that  all  the  kinetic  models  used  in  this  chapter  lead  to 
quadratic  equations  for  the  rate  of  photosynthesis,  P,  as  function  of  incident 
light  intensity,  I;  in  other  words,  to  hyperbolic  light  curves,  P  =  f (/). 
The  imposition  of  a  rate  “ceiling,”  caused  by  limited  supply  of  a  reactant 
or  limited  amount  of  an  enzyme  (in  addition  to  a  rate  “roof,”  imposed  by 
the  minimum  number  of  quanta  required  to  bring  about  the  reaction) 
changes  the  appearance  of  the  light  curves — for  example,  it  can  convert  a 
rectangular  into  a  nonrectangular  hyperbola — but  in  the  mechanisms 
discussed  so  far,  general  hyperbolical  shape  is  preserved. 

A  hyperbola  is  defined  by  three  parameters.  In  our  presentation  of 
light  curves,  the  axis  of  abscissae,  I,  was  parallel  to  one  asymptote  of  the 
hyperbola  (the  equation  of  the  latter  being  P  =  Pmax,)>  while  the  axis  of 
ordinates,  P,  was  chosen  so  as  to  make  P  =  0  at  7  =  0.  One  convenient 
form  of  writing  the  equation  of  a  hyperbola  in  this  system  of  co-ordinates  is : 

(28.48A)  yj  =  -  P  rj  (P™.  +  -  2PP ““A 

PmajC*  -  P  \  P maX*  j 

The  three  parameters  in  this  equation  are  y0,  the  initial  slope  of  the 
curve,  which  is  proportional  to  the  maximum  quantum  yield  of  photo¬ 
synthesis;  i/,7,  the  half-saturating  light  intensity;  and  pmax-,  the  limiting 
rate  in  strong  light.  If  the  second  term  in  parentheses  vanishes,  the  equation 
becomes : 

(28.48B)  _____  =  /  _  const  x  / 

which  is  the  equation  of  a  rectangular  hyperbola.  For  the  quadratic  term 

in  (28.48A)  to  vanish,  the  following  relation  between  the  three  parameters 
must  be  fulfilled: 


(28.480) 


7o  = 


'/d 


Several  equations  derived  in  chapters  27  and  28  for  the  light  curves  of 
(ST' hfS~SUt  aS  (28,29)  actually  had  the  simplified  form 

tion  (28  42)  whlT  ^  ^  the  CESe’  aS  shown’  hy  equa¬ 

tion l  (28.42),  which  cannot  be  represented  in  the  form  (28.48B). 

Since  70  is  not  so  easily  measured  as  the  other  two  parameters  (in  fact 

determination  of  7o  may  be  one  aim  of  analytical  representation  of  the  light 
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curves,  cf.  chapter  29,  p.  1132  ff.),  another  parameter  may  be  chosen 
instead,  such  as  i/J,  the  light  intensity  at  which  photosynthesis  reaches 
one-quarter  of  its  saturation  value.  This  choice  leads  to  a  very  simple 
relation : 

P  max. 

(28.48D)  To  =  — T- - - 

6'/«7  ~  *// 

and  gives,  as  equation  of  the  light  curve: 

<2fi-48E>  I  -  p^rzrp  [«./.  1  -  ,/J  +  -  3.//)] 


For  the  hyperbola  (2S.48E)  to  be  rectangular,  it  must  satisfy  the  very 
simple  condition : 

(28.48F)  ,/s7  =  3  X/J 

Its  equation  is  then: 

(28.480)  I  -  pj?_  p  (6  t/J  -  .A/),  or 


(28.48H) 


P  = 


J  p  max. 

7  +  6  ,//  -  v/ 


More  generally,  a  hyperbola  could  be  represented  in  our  chosen  co¬ 
ordinates,  using  any  three  of  its  points  (Pi,Ii‘,  P2J2]  and  P z,If)  as  param¬ 
eters;  for  a  rectangular  hyperbola,  two  points  suffice. 

These  derivations  should  be  kept  in  mind  in  evaluating  papers,  in 
which  failure  to  represent  empirical  data  by  equations  of  type  (28.48B) 
has  been  taken  to  mean  that  the  light  curves  were  “not  hyperbolic”  (cf 
Smith  1936,  1937,  1938). 

It  was  stated  on  page  1020  that  all  our  derivations  of  light  curve  equa¬ 
tions  were  based  on  the  assumption  of  uniform  light  absorption,  and  are 
therefore  strictly  applicable  only  to  optically  thin  layers. 

The  question  arises  to  what  extent  the  considerable  optical  density  of 
most  actually  studied  plant  objects  distorts  the  shape  of  light  curves— for 
example,  whether  the  observed  “integral”  light  curves  will  be  nonhyper- 
bolic  if  the  “differential”  light  curves  for  each  thin  layer,  with  practically 
uniform  light  absorption,  are  hyperbolae.  For  monochromatic  light,  or 
which  the  absorption  coefficient  is  a,  the  total  light  flux  absorbed  m  a  layer 
l  (for  the  sake  of  simplicity,  we  assume  uniform  pigment  distribution  and 

absence  of  scattering)  is: 


(28.481) 


7a  =  7(1  -  10-“tch,19 


(assuming  chlorophyll  to  be  the  absorbing  pigment).  PXDressed 

If  the  quantum  yield  of  the  over-all  process  is  n,  and  if/,  is  expu. . 
in  einsteins  per  cm.'  per  sec.,  the  total  rate  of  photosynthesis  is: 
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(28.48J)  P  =  n/s  =  nl(  1  -  10— 1^0 

(mole  C02  reduced  per  second  per  cm.2  of  illuminated  area). 

If  the  illuminating  light  is  nonmonochromatic,  the  first  part  of  this  rela¬ 
tion  remains  valid,  but  7a  is  now  expressed  by  an  integral: 

(28.48K)  /a  =  /  -  r/x10  "MC,]irfx 

When  the  incident  light  intensity  increases  so  that  light  saturation  sets 
in,  in  the  most  exposed  pigment  layer,  the  light  curve  of  the  integral 
yield  bends,  and  does  not  become  horizontal  until  saturation  has  become 
complete  in  the  deepest  layer.  Consequently  (as  discussed  before,  cf.  p. 
1007  and  fig.  28.20),  the  qualitative  effect  of  inhomogeneous  light  absorp¬ 
tion  must  be  to  broaden  the  transitional  region  connecting  the  linearly 
ascending  and  the  horizontal  part  of  the  light  curves.  What  we  want  to 
know  is  how  the  shape  of  the  light  curves  is  changed  by  this  integration. 
Let  us  assume  for  the  sake  of  simplicity  that  the  “differential”  light  curves 
are  rectangular  hyperbolae: 


(28.48L) 


Pi 


p>rn*x.  _ 


Pi 


k*h 


k*Prx'  /io -“[Chiji 
1  +  k*I  10-“lCh'l‘ 


The  integrated  rate  (per  unit  area)  is  then : 


(28.48M) 


pmax, 

loa  [Chi  ]  In  10  ln 


1  +  k*T _ 

i  +  fc*no-"ich|B 


or: 


(28.48N) 


In  [(1  +  k*I)/(  1  + 

loa  [Chi  J  ln  10  -  ln  [(1  +  k*I)/{\  +  A:*/10~"lChll/«)  ] 


an  equation  which  does  not 
developed  into  a  series: 


represent  a  rectangular  hyperbola.  It  can  be 


(28.480) 


k*I 


P 


pmax.  _  p 


0- 


a  [Chi  ]/p  In  10  (alChljlp  In  1Q)»  (2  +  k*I ) 
2!  3!2!  (1  +  k*I) 


_  (a [Chi  ]/„  111  10)3  (3  _|_  fc*/)( 2  +  k* 7)  \ 

4!3!  '  (l^FT*/^ 

r»PtThlS  TT  Sh?Wf  that  the  inte«ral  nSht  ™rve  remains  practically  a 
rectangular  hyperbola  until  the  third  term  in  the  development  ceases  to  he 

sma  I  compared  to  1;  then,  it  looses  the  hyperbolic  slTpe  (because  of  t 

n  thV  hgTf  m’l COntaining  the  Product  pI')-  Since  the  second  factor 
thud  term  decreases  from  2  to  1  with  increasing  light  intensity,  the 
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maximum  value  of  this  term  is  a[Chl]Zo  In  10/6.  This  means  that  for  the 
maximum  deviation  of  the  integral  light  curve  from  hyperbolical  shape  to 
exceed  5%,  the  integral  absorption  must  exceed  50%: 

{h/I  =  2;  log/o/7  =  a  [Chi  ]lo  In  10  «  0.30;  a[Chl]f„ln  10/6  =  0.05) 

At  75%  absorption,  the  maximum  deviation  will  reach  10%.  This  indi¬ 
cates  that  to  obtain  experimental  light  curves  which  will  permit  one  to 
judge  the  true  shape  of  the  function  P  =/(/),  objects  with  an  optical  den¬ 
sity  of  up  to  log  IQ/I  —  0.5  can  be  used. 

A  corresponding  derivation  for  a  general  hyperbola  is  much  more  in¬ 
volved,  but  conclusions  are  likely  to  be  not  too  different  from  those  obtained 
here  for  a  rectangular  hyperbola. 

In  the  literature  one  can  find  many  attempts  to  derive  analytical  ex¬ 
pressions  for  the  light  curves  of  photosynthesis,  partly  by  using  very  simple 
kinetic  models,  and  partly  by  empirical  approximation. 

Among  the  simplified  kinetic  equations,  reference  may  be  made  to  those 
of  Ghosh  (1928),  Emerson  and  Green  (1934),  Baly  (1935)  and  Burk  and 
Line  weaver  (1935);  while  among  the  empirical  approximations,  we  may 
mention  those  of  Brackett  (1935)  and  Smith  (1936,  1937,  1938). 


LOG  I,  meter  candles 


Fig.  28.23.  Are  photosynthesis  curves  hyperbolae?  (after  Smith 
1938)  Solid  lines  are  derived  from  nonhyperbolic  functions  (27.7  ) 
and  (28.48P);  dashed  line  from  rectangular  hyperbolic  function. 

See  text  page  1047. 


Brackett  sought  to  express 
saturation  by  an  exponential 
function  of  a  higher  order: 


the  sudden  approach  of  the  light  curves  to 
curve,  while  Smith  suggested  an  algebraic 


LIGHT  CURVES  OF  FLUORESCENCE 


1047 


(28.48P) 


p/p  max.  =  CI/\/\  +  C2/2 


or: 

(28.48Q)  P/VlP—Y  -  P 2  =  C7 

To  compare  the  usefulness  of  functions  (27.77)  or  (28.48P)  with  that,  of 
the  rectangular  hyperbola,  Smith  derived,  for  both  types  of  functions, 
equations  determining  the  combinations  of  the  parameters  [CO2]  and  /  foi 
which  the  yield  P  has  a  certain  constant  value.  Figure  28.23  shows  the 
results:  For  the  lowest  value  of  P  used  (log  P  =  0.8),  the  dashed  curve 
derived  from  the  hyperbolic  function  gave  the  better  fit;  but  for  three 
higher  values  of  P  (log  P  =  1.2,  1.6,  and  2.0),  a  very  good  fit 
was  obtained  by  means  of  equations  (27.77)  and  (28.48P). 


B.  Light  Curves  of  Fluorescence* 

1.  Relation  between  Light  Curves  of  Photosynthesis  and  Fluorescence 

In  vitro  the  intensity  of  fluorescence  usually  is  proportional  to  the 
intensity  of  illumination.  This  is  so  because  both  fluorescence  and  the 
“quenching”  processes  that  compete  with  it  (i.  e.,  energy  dissipation,  and 
photochemical  reactions)  usually  are  “first  order”  or  “monomolecular” 
processes  with  respect  to  the  concentration  of  excited  pigment  molecules. 
In  other  words,  each  excited  molecule  has  a  certain  probability  of  fluores¬ 
cing,  a  certain  probability  of  being  deactivated  by  energy  dissipation  and 
a  certain  probability  of  undergoing  a  photochemical  reaction;  all  these 
probabilities  are  independent  of  the  concentration  of  the  excited  molecules, 
and  consequently  do  not  depend  on  the  rate  of  their  production  and  thus 
also  on  light  intensity.  Under  these  conditions,  the  rate  of  photochemical 
reactions  too  must  be  proportional  to  light  intensity.  Thus,  both  the  quan¬ 
tum  yield  of  fluorescence,  <p  (=  const.  X  F/I,  where  F  is  the  intensity  of 
fluorescent  light),  and  the  quantum  yield  of  the  photochemical  change,  7 
(=  const.  X  P/I,  where  P  is  the  rate  of  photochemical  change),  usually  are 
independent  of  the  intensity  of  the  incident  light,  I. 

In  photosynthesis,  we  know  already  that  7  is  approximately  constant 
only  within  a  limited  range  of  low  intensities  (corresponding  to  the  linear 
pait  of  the  light  curves,  cf.  table  28.11),  and  then  declines  gradually.  The 
question  arises  whether,  in  this  case,  <p,  too,  changes  with  light  intensity. 
At  first,  experiments  appeared  to  indicate  that  the  intensity  of  fluorescence 
continues  to  increase  proportionally  with  light  intensity  (i.  e.,  the  yield, 
<P,  remains  constant)  long  after  photosynthesis  has  begun  to  show  light 
saturation  (i.  e.  7  has  begun  to  decline).  For  example,  Wassink,  Vermeu- 
en,  Reman  and  Katz  (1938),  using  a  suspension  of  Chlorella  vulgaris,  found 

*  Bibliography,  page  1081. 
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for  F  and  P  the  two  curves  shown  in  figure  28.24:  The  fluorescence  curve 
remained  linear  up  to  1G  kerg/cm.2  sec.,  while  photosynthesis  became  light- 
saturated  at  about  10  kerg.  Subsequent  investigations  have  shown,  how¬ 
ever,  that  such  an  absence  of  correlation  between  <p  and  7  is  by  no  means 
the  general  rule.  More  often,  a  definite  relation — usually,  antiparallelism 
— is  found  between  the  two  yields  {i.  e.,  the  yield  of  fluorescence  increases 


Fig.  28.24.  Photosynthesis  light 
saturated,  fluorescence  unchanged  in 
Chlorella  suspension  (after  Wassink, 
Vermeulen,  Reman  and  Katz  1938). 


Fig.  28.25.  Yield  of  fluorescence  in¬ 
creases  in  wheat  at  high  light  intensity 
when  C02  supply  is  low  and  remains  con¬ 
stant  when  [CO,]  is  high  (after  McAlister 
and  Myers  1940). 


when  the  yield  of  photosynthesis  becomes  smaller,  and  vice  versa).  1  n  in¬ 
crease  in  the  yield  of  fluorescence  at  high  light  intensities  was  first  obseive 
by  McAlister  and  Myers  (1940)  in  young  wheat  plants.  It  began .at  a  ou 
200  kerg/cm.2  sec.  However,  this  increase  occurred  only  when  the  carb 

dioxide  supply  was  low  (0.03%) ,  no  change 

700  kerg/cm.2  sec.,  when  this  supply  was  ample  (in  4%  UJt)  U/. ng. 
28  25)  It  will  be  noted  that  McAlister  and  Myers  used  much  higher  light 
fnten  itie  than  Wassink  and  co-workers;  but  in  their  experiments  W- 
Table  28.1),  saturation  was  not  quite  reached,  in  the  presence  of  4%  CO, 

an  increase  in  fluorescence  yield  above  20  kerg/cm.  sec.,  eve 
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supply  of  carbon  dioxide  (1%  C02).  Measurements  up  to  130  kerg/cm. 
sec.  indicated  (cf.  fig.  28.26)  that,  at  very  high  light  intensities,  the  yield 
of  fluorescence  again  becomes  stabilized.  In  other  words  the  yield  in¬ 
creases  from  an  initial  constant  level,  <pu  to  approach  a  final,  also  constant 
level,  <P2  (—  1.7  <pi).  The  transition  occurred,  in  Hydrangea,  approxi¬ 
mately  in  the  same  intensity  region  in  which  photosynthesis  became  light 
saturated  (cf.  lower  curve  in  fig.  28.26). 


Fig.  28.26.  Rate  of  photosynthesis  (P,  lower  scale)  and  fluorescence  (y>,  upper 
scale)  yield  of  Hydrangea  leaves  as  function  of  light  intensity  (after  Franck,  etal. 
1941).  Note  that  upper  curve  represents  yield,  <p,  while  the  two  preceding  fig¬ 
ures  show  absolute  rates,  i.e.,  intensities,  of  fluorescence,  F. 


New  measurements  with  Chlorella,  as  well  as  with  Scenedesmus ,  were 
caiiied  out  by  Shiau  and  Franck  (1947),  and  an  increase  in  the  yield  of 
fluorescence  at  high  light  intensities  was  now  found  also  in  these  unicellular 
algae— in  Chlorella  above  20  kerg/cm.2  sec.  and  in  Scenedesmus  above  15 
kerg/cm.2  sec. 

Extensive  measurements  of  the  fluorescence  of  Chromatium  (strain 
13)  were  described  by  Katz,  Wassink  and  Dorrestein  (1942)  and  by  Was- 
sink  Katz  and  Dorrestein  (1942),  who  found  that  the  yield  of  fluoresence 
of  these  bacteria  increased,  at  the  higher  light  intensities,  even  more  pro- 

!'"'y  thfiat  of  ««“  P,al‘ts-  This  is  illustrated  by  figures  28.30 
to  28.33.  These  figures  also  show  the  influence  that  the  supply  of  the  re- 
uctants  has  on  the  shape  of  the  light  curves  of  fluorescence.  In  the 
presence  of  abundant  rcductant  (either  hydrogen  or  thiosulfate),  the  in¬ 
crease  Of  «,  in  Chromatium  first  begins  at  15  kerg/cm.’  sec.,  while  without 
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the  reduet  ant  the  yield  is  high  even  at  light  intensities  as  low  as  1  kerg/cm.2 
sec. 

Figure  28.27  shows  the  transition  from  the  low  intensity  yield,  <pi,  to 
the  high  intensity  yield,  <p2.  The  yield  in  the  upper  figure  becomes  prac¬ 
tically  constant  ( <p  =  <p2)  when  the  difference  between  the  angles  <p  and  <p2 
in  the  lower  figure  ceases  to  be  significant. 


Comparison  of  figure  28.32  with  the  light  curves  of  photosynthesis  of 
Chromatium  in  the  presence  of  thiosulfate  ( cf .  fig.  28.5B)  indicates  a.n  ap¬ 
proximate  antiparallelism  of  <p  and  y.  The  fluorescence  yield,  <p,  begins  to 
rise  at  about  10  kerg  in  1%  thiosulfate  (somewhat  earlier  in  0.05%),  while 
the  first  signs  of  saturation  (t.  e.,  of  a  decline  of  y)  are  noticeable  a  Utile 
above  10  kerg  in  1%  thiosulfate  and  at  about  5  kerg  in  0.00i%  thiosulfate. 

The  green  plants  and  algae  discussed  so  far  all  showed  an  increase  in  ? 
at  high  light  intensities;  different  behavior  was  observed  by  Wassink  and 
Kersten  (1945)  in  a  species  of  diatoms.  There,  the  yield  o  ““7 
declined,  in  the  presence  of  carbon  dioxide,  simultaneously  with  the  satura¬ 
tion  of  photosynthesis  (i.  e.,  appeared  to  be  smaller  than  *.) ,  J 
w  remained  uniformly  high  if  the  carbon  dioxide  supply  was  low  (cf.  fig. 
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28.28)  French  and  Koski  (1951)  reported  that  the  chlorophyll  fluorescence 
of  a  red  alga  declined  when  the  exciting  green  light  was  raised  to  4  kerg/cm.2 
sec.  The  phycoerythrin  fluorescence  remained  proportional  to  I. 

2.  Effect  of  Various  Factors  on  Light  Curves  of  Fluorescence 

We  have  seen  above  that  the  yield  of  fluorescence,  <p,  is  often  affected 
by  changes  in  the  yield  of  photosynthesis,  y,  when  the  latter  are  produced 
by  variations  of  light  intensity.  We  therefore  expect  to  be  affected  also 
by  other,  external  or  internal  factors  that  influence  y. 


(a)  Carbon  Dioxide 

The  effect  of  the  factor  [C02]  on  fluorescence  was  already  mentioned 
before.  First,  we  noted  the  results  of  McAlister  and  Myers  (fig.  28.25), 
who  found  that,  in  wheat,  <p  rises  at  high  light  intensity  in  0.03%  C02, 
while  no  such  change  occurs  in  4%  C02.  In  qualitative  agreement  with 
McAlister’s  results,  Franck,  French  and  Puck  (1941)  found  that  at  17  kerg/ 
cm.2  sec.  the  jdeld  of  fluorescence  of  Hydrangea  was  about  20%  higher  in 
the  absence  of  carbon  dioxide  than  in  the  presence  of  5%  C02. 

As  mentioned  above,  Wassink  and  Kersten  (1945)  found  a  decrease 
rather  than  increase  in  the  yield  of  fluorescence  of  diatoms  at  high  light 
intensities  in  the  presence  of  carbon  dioxide;  in  the  carbon  dioxide-free 
suspension  <p  remained  constant  up  to  100  kerg/cm.2  sec.  (c/.  fig.  28.28). 
In  other  words,  in  this  type  of  plant,  as  in  Hydrangea  or  Triticum,  the  yield, 
<p2,  in  strong  light  was  higher  without  than  with  carbon  dioxide;  but  this 
difference  was  caused  by  a  decline  of  <p  in  the  C02-supplied  plant,  rather 
than,  as  in  the  other  species,  by  an  increase  of  tp  in  the  starved  cells. 

In  evaluating  figure  28.28,  it  must  be  borne  in  mind  that  according  to 
figure  28.5  the  photosynthesis  of  Nitzschia  was  not  completely  inhibited  in 
r02-free  air.  This  probably  means  that  these  cells  produced,  by  dark 
metabolism,  so  much  carbon  dioxide  (or  intermediates  which  could  be  used 
directly  for  photosynthesis)  that  their  photosynthesis  could  not  be  stopped 
by  bubbling  C02-free  air  through  the  suspension.  Whether  this  is  the  cor¬ 
rect  explanation  of  the  continued  oxygen  production  by  Nitzschia  in  “C02- 
free  air  or  not,  the  notation  "no  C<V ’  in  figure  28.28  certainly  means  “no 

external  CCh  supplied,”  and  not  “photosynthesis  totally  inhibited  by  ab- 
sence  ot  u  (J2. 

283m”TSOn  “f  fiK"re  28  28  with  the  effects  of  low  temperature  (fig. 
Suits  wouldT  mhlbl,tl0n/?g-  28'44)  the  same  species  shows  that  the 

esults  "ou  d  be  more  plausible  and  consistent  if  the  designations  of  the 
two  curves  in  figure  28.28  were  reversed.  designations  of  the 

A  still  different  effect  of  carbon  dioxide  on  the  light  curves  of  fluores- 
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cence  was  observed  by  Wassink,  Katz  and  Dorrestein  (1942)  in  purple 
bacteria.  In  the  first  place,  they  found  no  effect  of  carbon  dioxide  defi¬ 
ciency  at  all  when  reductants  were  absent  (fig.  28.29)— a  condition  that 
cannot  be  duplicated  in  green  plants.  In  the  presence  of  thiosulfate  or  hy¬ 
drogen,  the  effect  of  carbon  dioxide  deprivation  was  small  but  noticeable. 
Figure  28.30A  obtained  in  the  presence  of  thiosulfate  could  be  interpreted 
as  analogous  to  the  findings  of  Franck  and  McAlister;  here,  too, 


INCIDENT  INTENSITY,  erg/cm2  sec. 


Fig.  28.28.  Fluorescence  and  C02 
supply  in  diatoms  (after  Wassink  and 
Kersten  1945). 


Fig.  28.29.  No  effect  of  [C02J  on 
fluorescence  in  purple  bacteria  when 
reductant  is  absent  (after  Wassink 
et  al.  1942). 


the  region  of  transition  from  the  lower  yield,  <p\,  to  the  highei  yield, 
<*,  appears  to  be  shifted  toward  lower  light  intensities  by  the  absence  of 
carbon  dioxide.  Figure  28.30B  obtained  with  hydrogen  as  reductant,  on  the 
other  hand,  shows  that  the  yield  is  enhanced  by  the  absence  of  carbon  di¬ 
oxide  only  in  a  limited  intensity  region  below  10  kerg;  unexpectedly,  the 
relation  is  reversed  at  the  higher  light  intensities,  so  that  at  30  kerg  t  le 
fluorescence  is  about  one-third  stronger  in  the  presence  of  carbon  dioxi  e 

than  in  its  absence. 


( b )  Reductants 

The  influence  of  the  concentration  of  reductants  (thiosulfate,  hydrogen 
etc  )  on  the  shape  of  the  fluorescence  curves  of  Chromahum  is  1  us  ra  e 
figures  28  *31-28. 33.  Comparison  with  figure  28.30  shows  that  the 
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influence  of  the  reductant  is  much  stronger  than  that  of  carbon  dioxide. 
Figure  28.34  shows  the  “critical”  intensity,  Ic,  (fig-  28.27)  in  relation  to  the 
thiosulfate  concentration.  It  rises  from  2  kerg  without  thiosulfate  to  10 
kerg  in  0.5%  thiosulfate,  and  then  becomes  more  or  less  constant.  Figure 
27.13  indicated  that  thiosulfate  “saturation”  of  photosynthesis  occurs  in 

about  the  same  concentration  region. 

Wassink  and  co-workers  noted,  however,  that,  with  hydrogen  as  reduc¬ 
tant,  at  pH  7.0,  the  transition  point  of  fluorescence  was  markedly  higher 
than  the  saturation  point  of  the  gas  exchange. 
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Fig.  28.30.  Effect  ot  CO2  on  fluorescence  of  purple  bacteria  in  presence  of 
reductants  (after  Wassink  et  al.  1942).  pH  6.3,  29°  C. 
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The  characteristic  initial  bend  upward  of  the  fluorescence  curves  of 
Chiomatium  does  not  quite  disappear  even  in  complete  absence  of  reduc¬ 
tants.  This  can  be  attributed  to  the  presence  of  “internal  reductants,” 
which  in  weak  light  suffice  to  prevent  a  complete  conversion  of  the  “photo¬ 
complex”  into  the  strongly  fluorescent  form.  The  linearity  can  in  fact  be 
improved  by  preliminary  starvation  of  the  bacteria,  depriving  them  of 
metabolites  that  could  serve  as  internal  reductants. 

Figure  28.35  shows  that  the  effect  of  the  reductants  on  the  fluorescence 
o  C  iromatium  persists  even  in  the  absence  of  carbon  dioxide.  This  fact 
must  be  compared  with  the  above-mentioned  observation  (fig.  28  29)  that 
the  removal  of  carbon  dioxide  had  no  effect  on  fluorescence  in  the  absence 
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Fig.  28.31.  Fluorescence  of  pur¬ 
ple  bacteria  as  function  of  the  con¬ 
centration  of  reductants  (after 
Wassink  et  al.  1942).  5%  C02, 

pH  6.3,  29°  C. 


Fig.  28.32.  Influence  of  con¬ 
centration  of  thiosulfate  on  in¬ 
tensity  of  fluorescence  (Wassink 
et  al.'  1942).  5%  C02,  pH  6.3, 
29°  C. 


Fig.  28.33. 
cence 


Influence  of  concentration  of  H2  on  intensity  of  fluores- 
(after  Wassink  el  al.  1942).  5%  C02,  pH  7.6,  29°  C. 
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THIOSULFATE  CONCENTRATION,  % 

Fig.  28.34.  Fluorescence  transition  point  Ie 
as  function  of  thiosulfate  concentration  (after 
Wassink  et  al.  1942)  ( cf .  fig.  28.27  for  meaning 
of  Ic). 


I'ig.  28.35.  Influence  of  excess  reductants  on 
intensity  of  fluorescence  in  absence  of  C02  (after 
Wassink  et  al.  1942).  pH  6.3,  29°  C. 


(c)  Effect  of  Temperature 

Kautsky  and  Spohn  (1934)  noticed  that  the  fluorescence  of  leaves  wai 

938f  f"  1  ?  T  C';  bU‘  WaSSink>  VermeuK  Reman  and  Kat: 

(U38)  found  no  such  effect  on  the  light  curves  of  fluorescence  in  Chlorelh 
suspensions  (10-30°)  (cf.  fig.  28.36  on  page  10561 

Franck,  French  and  Puck  (1941)  found  that  a  sudden  cooling  of  Hv 
clrvyea  leaves  from  23  to  0°  C.  produced  a  “burst”  of  fluorescence  whiel 
subs.ded  after  10  or  20  minutes  (cf.  fig.  28.37).  We  will  return  to  t’his  ob 
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Fig.  28.36.  Fluorescence  of  chlorophyll  in  suspensions  of 
Chlorella  at  different  temperatures  (after  Wassink,  Ver- 
meulen,  Reman  and  Katz  1938). 


servation  in  chapter  33,  in  dealing  with  “induction  phenomena,  heie  ve 
note  that,  even  after  the  burst  was  over,  the  steady  yield  of  fluorescence 
remained  greater  at  0°  C.  than  at  room  temperature  (fig.  28.37c,  levels  A 


and  E).  .  .  ,. 

This  temperature  effect  could  be  observed  only  in  a  certain  medium 

range  of  intensities  (e.  g.,  at  5  and  27  kerg/cm.2  sec.,  cf.  figs.  28.37b  and 
c);  but  not  in  high  light  (e.  g.,  220  kerg/cm.2  sec.,  cf.  fig.  28.37a);  or  low 
light  (e.  g.,  1.8  kerg/cm.2  sec.,  cf.  fig.  28.37c).  In  other  words,  a  decline 
in  temperature  appeared  to  have  no  effect  on  the  steady  fluorescence  leve  s, 
^  and  c?2  (cf.  fig.  28.27),  but  caused  the  transition  from  <pi  to  <p2  to  occur  at 
Tower  rght  intensities  (fig-  28.38).  (Figs.  28.37  to  28.45  are  on  pages 

“^rhetffect  of  temperature  on  the  light  curves  of  fluorescence  was  also 
observed  by  Wassink  and  Kersten  (1945)  with  diatoms.  Figure  28.3J 
shows  that  the  peculiarity  noted  in  the  fluorescence  curves  o  ie  sa 
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species  with  and  without  external  C02  (fig.  28.28)  is  repeated  in  the  fluores¬ 
cence  curves  at  low  and  high  temperature:  The  yield  of  fluorescence 
either  remains  constant,  or  declines  at  high  light  intensity.  An  additional 
peculiarity  is  that  the  curve  obtained  at  low  temperature  resembles  that 
found  with  carbon  dioxide,  and  the  curve  found  at  high  temperature  re¬ 
sembles  that  found  without  external  CO,;  usually,  the  reverse  relation 
prevails,  the  effect  of  lowering  the  temperature  being  similar  to  that  of  re¬ 
moving  carbon  dioxide.  In  figure  28.39  the  yield  at  2o  (  .  lemains  con 
stant  up  to  100  kerg/cm.2  sec.,  while  the  saturation  of  photosynthesis  be¬ 
gins  at  this  temperature  at  about  20,  and  is  complete  at  about  45  kerg/cm.2 
see. 

A  temperature  effect  similar  to  that  observed  in  green  plants  was  found 
in  purple  bacteria  by  Wassink,  Katz  and  Dorrestein  (1942).  At  10°  C.  the 
transition  point,  Ic,  was  at  about  10  kerg  and,  at  29°,  at  about  20  kerg/cm.2 
sec.  In  more  detail,  observations  by  Wassink,  Katz  and  Dorrestein  are 
summarized  in  figure  28.40. 


(d)  Cyanide 

A  shift  of  the  fluorescence  transition  point  toward  lower  light  intensities 
can  be  produced  also  by  the  addition  of  cyanide.  A  “stimulating”  effect 
of  cyanide  on  the  yield  of  steady  fluorescence  was  first  observed  by  Kautsky 
and  Hirsch  (1935)  in  experiments  with  leaves.  Wassink,  Vermeulen, 
Reman  and  Katz  (1938)  found  no  such  effect  in  Chlorella  suspensions  (fig. 
28.41);  but  Wassink  and  Katz  (1939)  later  proved  that  cyanide  stimula¬ 
tion  does  occur  in  this  organism  as  well,  although  only  when  the  cyanide 
concentration  is  high  enough  to  cause  complete  inhibition  of  photosynthe¬ 
sis.  This  concentration  completely  inhibits  respiration  also,  which  is  an 
important  factor  from  the  point  of  view  of  the  “narcotization”  theory  of 
Franck  (since  this  theory  assumes  that  the  “narcotic”,  which  protects  the 
“idling”  photosynthetic  apparatus,  undergoes  rapid  oxidation  when  respira¬ 
tion  is  strong,  but  can  be  preserved  for  a  considerable  length  of  time  if 
respiration  is  weak) .  Figure  28.42  shows  that  the  cyanide  effect  on  steady 
fluorescence  of  Chlorella  is  caused  by  the  disappearance  of  the  decline  of 
fluorescence  otherwise  observed  after  the  first  half-minute  of  illumination. 
This  decline  is  entirely  eliminated  in  2.5  X  10~3  M  potassium  cyanide 
solution  (p  =  0.33  in  fig.  28.42).  The  effect  of  cyanide  on  the  stationary 
intensity  of  fluorescence  increases  at  first  with  light  intensity,  as  shown  by 
figure  28.43;  but  Franck,  French  and  Puck  (1941)  found  that  it  disappears 
again  if  the  light  intensity  is  increased  still  further.  For  example,  2%  gase¬ 
ous  HCN  in  the  atmosphere  increased  the  yield  c 
leaves  (in  1%  CO,)  by  12%  when  the  incident 


f  fluorescence  of  Hydrangea 
light  intensity  was  2  kerg, 
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TIME,  min. 

Fig.  28.37.  Effect  of  low  temperature  on  steady  state 
fluorescence  at  various  light  intensities  (after  Franck, 
French  and  Fuck  1941). 


Fie  28  38.  Fluorescence  yield  as  function  of  intensity  of  exciting  light 
at  room  temperature,  and  at  0”  C„  where  photosynthesw  is  inhibited 
(after  Franck,  French  and  Fuck  1941). 
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Fig.  28.39.  Fluorescence  intensity  of  diatoms 
as  function  of  light  intensity  at  two  temperatures 
(Wassink  and  Kersten  1945). 
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Fig.  28.41.  Influence  of  cyanide  on  fluorescence  of 
chlorophyll  in  Chlorella  suspensions  (after  Wassink, 
Yermeulen,  Reman  and  Katz  1938). 


Fig.  28.42.  Fluoresceiuie-tunfi  rdation^nwr^aa 

KCNr8ltTonnfroemwhich  0. 1  ml.  was  added  to  2  ml.  of  cell  suspension  (29'  C.). 
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Fig.  28.43.  Stationary  values  of  fluor¬ 
escence  of  Chlorella  as  function  of  light 
intensity  with  and  without  cyanide  (after 
Wassink  and  Katz  1939).  (Gas  phase  air, 
29°  C.) 


Fig.  28.44.  Cyanide  effect  on  fluores¬ 
cence  of  diatoms  (25°  C.)  (after  Wassink 
and  Kersten  1945). 
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and  by  6%  when  it  was  4.7  kerg/cm.2  sec.,  but  left  it  unchanged  at  70 
kerg/cm.2  sec.  In  other  words,  the  effect  of  cyanide  was  in  this  case  simi¬ 
lar  to  that  of  low  temperature  (or  carbon  dioxide  deficiency);  all  three 
caused  a  shift  of  the  critical  intensity,  Ie,  toward  lower  light  intensities, 
but  did  not  affect  the  two  “limiting”  yields,  and  <p2.  Working  with  dia¬ 
toms,  Wassink  and  Kersten  (1945)  found  the  cyanide  effect  similar  to  that 
of  lowering  of  temperature  (fig.  28.33)  and  of  addition  (not  removal!)  of 
carbon  dioxide.  Up  to  about  6  kerg/cm.2  sec.,  the  yield  of  fluorescence  (at 
25°  C.)  was  slightly  increased  by  0.003%  IvCN  but,  above  this  intensity, 
the  yield  became  much  smaller  in  the  presence  of  the  poison  (fig.  28.44). 
Here  again,  we  note  the  contradiction  to  other  observations  in  the  apparent 
similarity  between  the  curve  obtained  with  carbon  dioxide  and  that  ob¬ 
served  with  hydrogen  cyanide  (usually  addition  of  hydrogen  cyanide  has 
been  found  to  produce  the  same  effect  as  deprivation  of  carbon  dioxide). 
Furthermore,  one  notes  that  in  figure  28.44  the  noninhibited  sample  showed 
a  marked  increase  in  <p  at  high  light  intensities  in  contradiction  to  the  per¬ 
fectly  straight  line  given  for  similar  conditions  in  figure  28.39). 

At  6°  C.,  the  yield,  <p,  remained  constant  in  the  presence  of  cyanide, 
up  to  130  kerg;  it  looked  as  if  in  this  case  the  low  jdeld,  <p2,  prevailed  down 
to  the  lowest  light  intensities  used. 

Katz,  Wassink  and  Dorrestein  (1941)  stated  that  in  purple  bacteria,  as  in 
Chlorella,  the  effect  of  cyanide  on  the  transition  intensity,  Ic,  is  similar  to 
that  of  a  decrease  in  the  concentration  of  carbon  dioxide.  Wassink,  Katz 
and  Dorrestein  (1942)  gave  several  fluorescence  curves  for  potassium  cy¬ 
anide-poisoned  bacteria.  In  the  absence  of  reductants,  the  addition  of  up 
to  0.0167%  KCN  had  no  effect  on  fluorescence— a  result  analogous  to  that 
obtained  in  carbon  dioxide  starvation  experiments,  and  thus  in  agreement 
with  the  assumption  that  hydrogen  cyanide  is  primarily  a  poison  for  carbon 
dioxide  fixation.  Very  high  cyanide  concentration,  on  the  other  hand,  had 
a  strong  depressing  effect  on  fluorescence  of  Chromatium,  even  in  the  ab¬ 
sence  of  hydrogen  donors  (>50%  depression  in  0.05%  KCN).  In  the 
presence  of  reductants,  fluorescence  curves  with  and  without  cyanide 
(figs.  28.45)  showed  small  but  distinct  differences,  again  somewhat  similar 
to  those  found  with  varying  carbon  dioxide  supply  (c/.  fig.  28.30). 


(e)  Hydroxylamine  and  A  zide 

Observations  of  the  effect  of  these  two  poisons  on  fluorescence  were 
made  by  Wassink  and  co-workers  (1942)  in  purple  bacteria  They  a,e 
illustrated  by  figs.  28.4C-28.47  (p.  1064).  The  influence  of  hydroxybmm 
aDDears  similar  to  that  of  potassium  cyanide— no  effect  up  to 0.  %  I 

concentration  at  which  photosynthesis  is  about  50%  inhibited),  hen  (a 
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0.1%)  a  strong  stimulation  of  fluorescence.  The  effect  of  sodium  azide 
differs  from  that  of  either  potassium  cyanide  or  hydroxylamine  in  two 
respects.  Fluorescence  is  affected  (c/.  fig.  28.47)  even  in  the  absence  of 
reductants;  and  the  typical  effect  is  a  decline,  rather  than  a  rise  of  the 
yield  of  fluorescence. 

(/)  Ion  Concentration 

In  Chromatium,  the  yield  of  fluorescence  can  be  affected  by  changes  in 
pH.  According  to  Wassink  and  co-workers  (1942)  the  sign  of  this  effect 
depends  on  whether  molecular  hydrogen  or  thiosulfate  is  used  as  hydrogen 
donor.  (We  saw  on  page  952  that  the  same  is  true  of  the  influence  of  pH 
on  the  yield  of  carbon  dioxide  reduction  by  these  two  reductants.)  This  is 
illustrated  by  figure  28.48,  page  1065. 

No  experiments  are  available  on  the  effect  of  other  cations  or  anions  on 
the  yield  of  fluorescence  of  green  plants  or  purple  bacteria. 

(g)  Narcotics 

Narcotics  were  found  by  Kautsky  and  Hirsch  (1935)  to  increase  the 
steady  fluorescence  of  aquatic  plants;  this  result  was  confirmed  by  Was¬ 
sink,  Vermeulen,  Reman  and  Katz  (1938),  cf.  fig.  28.49.  According  to 
Franck,  French  and  Puck  (1941),  very  high  concentrations  of  carbon  di¬ 
oxide  (e.  g.,  20%)  produce  a  similar  effect.  (It  was  stated  in  chapter  13 
that  the  effect  of  excessive  concentrations  of  carbon  dioxide  on  photosynthe¬ 
sis  resembles  narcotization.) 


The  phenomenon  was  also  studied  in  purple  bacteria,  by  Wassink,  Katz 
and  Dorrestein  (1942).  Figure  28.50  shows  typical  results  obtained ’in  the 
presence  and  in  the  absence  of  reductants.  The  picture  is  similar  to  that 
with  sodium  azide:  In  the  absence  of  reductants,  the  addition  of  increas¬ 
ing  amounts,  of  ethylurethan  causes  a  progressive  quenching  (rather  than 
stimulation)  of  fluorescence  (although  the  effect  is  reversed  at  >  1.5%  ure- 
than,  at  least  below  15  kerg/cm.2  sec).  In  the  presence  of  reductants 
moderate  quantities  of  urethan  have  little  if  any  effect  on  the  fluorescence 
curve,  while  quantities  >2%  have  a  strong  enhancing  effect. 

( h )  Oxygen 


man  (1938)  could  find  any  distinct  in- 
oxvgen  concentration  (between  1  and 
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Fig.  28.46.  Effect  of  NH40HHC1  on  fluorescence 
of  Chromatium  (after  Wassink,  Katz  and  Dorrestein 
1942).  5%  C02,  15%  H2)  pH  7.6,  29°  C. 


ffect  of  NaN3  on  fluorescence  of  Chroimtium  (after  W  assink, 
and  Dorrestein  1942).  5%  C02,  pH  6.3,  20  C. 


Katz 


Fig.  28.47. 
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INCIDENT  INTENSITY,  erg/cm2  sec 

Fig.  28.48.  Effect  of  pH  on  fluorescence  of  Chromatium  (after  Wassink,  Katz 
and  Dorrestein  1942).  5%  CO2,  29°  C. 


Ftg.  28.49.  Influence  of  ethylurethan  on  fluorescence  of 
chlorophyll  in  suspension  of  Chlorella  (after  Wassink  Ver- 
meulen,  Reman  and  Katz  1938).  ’ 
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Fig.  28.50.  Effect  of  ethylurethan  on  fluorescence  of  Chromatium  in  the  ab¬ 
sence  and  presence  of  reductants  (after  Wassink,  Katz  and  Dorrestein  1942). 
5%  C02,  pH  7.6,  29°  C. 
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Fie.  28.51.  C02  assimilation  and  fluorescence  vs.  incident  light  intensity  (after 

McAlister  and  Myers  1940).  Solid  symbols,  intensity  of  fluorescence,  ;  open 
symbols,  rate  of  C02  uptake.  P. 
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100%)  on  the  yield  of  steady  fluorescence  of  leaves  and  algae.  McAlister 
and  Myers  (1940)  found  that  an  increase  in  oxygen  concentration  from  0.5 
to  20%  resulted  in  a  marked  increase  in  fluorescence  (c/.  fig.  28.51)— an 
effect  opposite  to  quenching,  and  probably  associated  with  the  inhibiting 
influence  of  oxygen  on  photosynthesis,  described  in  Volume  I  (chapter  13). 

Shiau  and  Franck  (1947)  noted  that,  at  low  light  intensities,  fluorescence 
of  green  algae  was  stronger  in  nitrogen  than  in  air,  but  that  the  increase 
of  ip  with  increasing  light  intensity  began  earlier  in  air.  In  some  cases  the 
two  curves  even  crossed  each  other,  so  that  in  strong  light  the  aerated  sus¬ 
pension  fluoresced  stronger  than  the  nonaerated  one. 

We  have  spoken  in  this  chapter  only  of  changes  in  chlorophyll  fluores¬ 
cence  caused  by  internal  chemical  transformations  associated  with  photo¬ 
synthesis — a  relation  that  reveals  itself  indirectly,  by  comparison  of  the 
influences  of  light  intensity,  temperature  and  poisons  on  the  yields  of 
photosynthesis  and  fluorescence.  In  vitro,  quenching  of  chlorophyll  fluores¬ 
cence  can  be  produced  directly,  by  the  addition  of  certain  substances  under¬ 
going  autoxidation,  as  well  as  of  many  oxidants,  including  free  oxygen 
(chapter  23,  section  A6).  No  observations  have  been  made  on  the 
quenching  of  chlorophyll  fluorescence  in  vivo  by  amines  (or  other  possible 
substrates  of  sensitized  photoxidation),  while  the  effect  of  oxygen  was 
described  above  as  complex  and  probably  mostly  indirect. 

Shiau  and  Franck  (1947)  found  that  quinone  depresses  fluorescence  in 
Chlorella,  if  added  in  the  dark  or  in  light  after  long  anaerobic  incubation. 


3.  Interpretation  of  Light  Curves  of  Fluorescence 

In  absence  of  positive  information  to  the  contrary,  we  have  assumed, 
thioughout  the  preceding  sections,  that  all  the  observed  changes  of  fluores¬ 
cence  were  increases  and  decreases  in  the  fluorescence  yield,  <p>,  without 
significant  shifts  in  the  position  of  the  fluorescence  bands.  This  point 
could,  however,  profit  by  exact  investigation.  Changes  in  the  structure 
of  the  chlorophyll  complex  (e.  g.,  conversion  of  X- Chi  HZ  to  HXChl-Z 
not  to  speak  of  reversible  hydrogenation,  Chi  rChl)  could  well  find  ex¬ 
pression  in  the  variation  of  the  position  and  shape  of  the  fluorescence  bands; 
and  the  selective  spectral  sensitivity  of  the  photometric  devices  used  could 
convert  these  changes  into  apparent  variations  in  the  intensity  of  fluores- 
cence  While  it  is  extremely  unlikely  that  such  spectral  effects  were  re¬ 
sponsible  for  all  or  even  a  large  fraction  of  the  described  intensity  changes 
it  might  be  unwise  to  ignore  their  possibility. 

True  changes  in  the  intensity  of  fluorescence  can  be  caused  by  two  fac¬ 
tors.  alterations  in  the  relative  probabilities  of  fluorescence  and  energv 
dissipation  in  the  light-absorbing  complex,  and  changes  in  the  probability 
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of  the  primary  photochemical  process.  As  described  previously  (cf.  Vol. 
I,  page  546,  chapter  23. A8,  and  chapter  24,  the  three  processes — energy 
dissipation  (rate  constant,  k *;  quantum  yield,  5),  chemical  transformation 
(rate  constant,  /c* ;  quantum  yield,  7)  and  fluorescence  (rate  constant, 
kf ;  quantum  yield,  <p) — compete  for  the  absorbed  light  energy.  If  all 
three  competing  processes  obey  the  law  of  monomolecular  reactions,  their 
quantum  yields  are  determined  by  equations  of  the  type : 

(28.49) 


if>  =  k//(kf  +  kt  +  h) 

(cf.  equation  19.8).  If  the  primary  photochemical  process  requires  en- 

_ j. ...UU  ^  ^  /-I  swxnr*  A  4  rnnnfiAn  norirmr  A  f.ViP  mia.nf.lim 


counters  with  a  kinetically  independent  reaction  partner,  A,  the  quantum 
yield  equation  becomes: 


(28.50) 


<f  —  k//(kf  +  kX  [A]  +  ki ) 

where  k*A  is  a  bimolecular  rate  constant  (cf.  equation  23.18,  p.  797).  In 
photosynthesis,  we  assumed  the  primary  photochemical  process  to  be  a 

_ +  hv _  ™  .  ..  .  1  i  itt  r\ 


tautomerization  (such  as  X  •  ( 'hi  •  HZ  *  HX  •  Chi  •  Z,  or  AC  O2  •  Chi  •  A  H2O 
±*T  AHCO2  •  Chi  •  A'HO,  or  AC02-Chl-A'H20  ^  ACOrChlHA'HO 


_ iJL  Since  tautomerization  is  a  monomolecular 

process,  equation  (28.49)  can  be  used;  changes  in  <p  are  thus  indicative  of 

•  .  •  <  j  /*  i  P  _  nrA  O  ATYMyI  OV' 


+  +  AHCCV  Chi  -A'HO). 


variations  in  the  composition  or  structure  of  the  photosensitive  complex, 
which  affect  the  rates  kt  and  kt.  (The  fluorescence  rate  constant,  kf,  itself 
remains  practically  unchanged  as  long  as  the  intensity  of  the  absorption 
band  is  not  changed  significantly,  since  both  are  determined  by  the  transi¬ 
tion  probability  between  the  ground  state  and  the  excited  state.)  One 
could  of  course,  also  consider  the  possibility  of  fluorescence  quenching  by 
collisions  with  alien  molecules  (»*.  e.,  the  addition  of  “bimolecular  terms  in 
the  denominator  of  eq.  28.49),  since  this  is  often  observed  in  fluoiescent 
gases  and  solutions;  however,  it  seems  plausible  that  changes  in  fluorescence 
associated  with  photosynthesis  are  due  to  changes  within  the  cMo.opl  H 
complex,  rather  than  to  the  formation  or  disappearance  of  new  kinetically 
independent  quenching  substances.  The  "natural'’  l.fe-time  of  the ^exoted 

state  of  the  chlorophyll  molecule  has  been  estimated  (cf.  page  534)  as  of  t 
state  oi  me  v  •>  ^  the  ,ow  yield  nf  fluorescence  in  mm  (ordei 

i  1  1  i  ! _ _  .  rtVv  ■*»  T"  fll1 


O^^l^ti^cates^tha^the'aiduallife-thnejs  about  one  hundred  tim^^iorter^ 


or  ~8  X  IQ"10  sec.  To  produce,  under  these  conditions,  a  mar  ^  eff^ 


to  be  not  much  longer  than  10  sec.  a  <  seems 
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The  relationship  between  the  yield  of  photosynthesis  and  the  yield  of 
fluorescence  has  often  been  presented  as  a  simple  either-or;  if  this  were 
correct,  then  whenever  P  increases,  F  should  decrease  and  vice  versa.  In 
fact,  however,  <p  is  much  too  small  0.01)  to  be  an  effective  competitor 
of  7  (~  1  for  the  primary  process,  although  as  many  as  4  or  8  primary 
processes  may  be  needed  to  reduce  one  molecule  of  carbon  dioxide).  The 
actual  competition  is  between  and  <5,  between  the  primary  photochemical 
reaction  and  the  dissipation  of  energy.  The  yield  of  fluorescence  can  be 
considered  an  index  of  the  value  to  which  these  two  much  more  efficient 
processes  together  have  reduced  the  life-time  of  the  excited  chlorophyll 
molecules.  In  other  words,  we  can  write,  in  good  approximation,  instead 
of  (28.48): 

(28.51)  <p—  k//(ki  +  kd)  and  also  y  —  kt/(kt  +  kd)',  8  —  kd/(kt  +  kd) 


Equation  (28.51)  shows  that  does  not  necessarily  increase  by  the  same 
amount  by  which  7  decreases  (or  vice  versa),  since  simultaneous  changes 
in  8  can  change  not  only  the  absolute  magnitude  of  the  effect  but  even 
its  sign.  If  kt  decreases — e.  g.,  if  the  primary  photochemical  reaction  be¬ 
comes  altogether  impossible,  while  kd  remains  more  or  less  unchanged, 
fluorescence  must  of  course  increase;  but  if  simultaneously  with  the  de¬ 
cline  of  kt,  kd  is  strongly  increased,  in  other  words,  the  dissipation  of  light 
energy  is  strongly  accelerated  by  the  change  in  the  structure  of  the  pig¬ 
ment  complex,  the  yield  of  fluorescence,  <p,  may  decline  parallel  with  the 
yield  of  the  photochemical  transformation,  5. 

In  discussing  the  theory  of  light  curves  of  photosynthesis  in  section  A7 


of  this  chapter,  we  assumed  that  normally  the  photosensitive  chlorophyll 
complex  has  the  composition  X-  Chi  HZ  (or  ACXVChl-  A'HIt,  if  we  postu¬ 
late  direct  association  ol  chlorophyll  with  bound  carbon  dioxide  and  the 
reductant).  In  intense  light  or  when  one  or  both  of  the  reactants,  C02 
and  HR,  are  absent,  or  when  the  preparatory  catalysts  are  poisoned,  the 
chlorophyll  complex  may  go  over  predominantly  into  a  tautomerized  or 
chemically  changed  state.  If  the  normal  state  is  X-  Chi  HZ  the  likely 
changed  states  are  HX-Chl-Z  (tautomeric),  HX-Chl-HZ  (reduced  state) 
and  X-Chl-Z  (oxidized  state);  if  the  normal  state  is  AC02-Chl- A'RH, 
the  possibilities  include,  in  addition  to  the  tautomeric,  oxidized  and  reduced 
states  also  three  “starved”  states,  namely  AChlA'R  (carbon  dioxide- 
starved)  ,  AGO,  Chi  A  (reductant-starved)  and  A •  Chi  -  A'  (totally  starved 


Furthermore,  one  can  envisage  states  in  which  C02  or  RH  are  not  merely 
mtssing,  but  are  replaced  by  other  molecules-either  also  suitable  to  serve 
as  hydrogen  acceptors  or  donors  (such  as  oxygen,  or  the  “substitute  oxf- 
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dants  and  substitute  reductants”  considered  in  chapter  8;  see,  for  ex¬ 
ample,  page  543,  Vol.  I)  or  inert,  such  as  various  “narcotics.”  The  latter 
may  perhaps  displace  from  the  chlorophyll  complex  not  only  the  reactants, 
C02  or  RH,  but  even  their  “carriers,”  A  and  A'.  Franck  and  co-workers 
(1941-1950)  concluded,  mainly  from  studying  induction  phenomena  (chap. 
33),  that  narcotizing  substances  are  formed  within  the  cell,  e.  g.,  in  the 
dark,  by  fermentation,  particularly  under  anaerobic  conditions,  and  in 
light,  by  photoxidation,  or  by  the  mechanism  which  we  have  repeatedly  de¬ 
scribed  previously — the  reaction  of  the  accumulated  oxygen  precursors, 
“photoperoxides,”  with  oxidizable  cellular  constituents,  a  reaction  that  oc¬ 
curs  whenever  the  removal  of  these  peroxides  is  too  slow,  e.  g.,  in  conse¬ 
quence  of  insufficient  concentration  of  the  enzyme  Ec.  This  “self-narcoti¬ 
zation”  is  considered  by  Franck  the  main  cause  of  the  most  striking  changes 
in  fluorescence — when  <p  increases  by  a  factor  of  two  or  more  (c/.  fig.  28.50). 
Many  instances  of  an  increase  in  the  yield  of  fluorescence  by  adsorption  of 
“protective”  substances  have  been  observed  in  vitro,  although  it  is  by  no 
means  a  general  rule  that  all  adsorption  increases  fluorescence.  In  chapter 
23  (page  776)  we  have  seen  that  association  with  such  substances  as  lecithin 
or  oleic  acid  protects  the  fluorescence  of  chlorophyll,  while  adsorption  on 
starch,  alumina  or  proteins  quenches  it  more  or  less  completely.  It  seems 
likely  that  it  is  the  nature  and  orientation  of  the  forces  between  the  pigment 
molecule  and  the  adsorbent  that  determine  whether  the  effect  of  these 
forces  is  to  permit  the  excitation  energy  to  spread  over  a  larger  number  of 
degrees  of  freedom,  including  those  of  the  associate  molecules,  and  thus 
facilitate  its  conversion  into  heat,  or  whether  their  effect  is  to  orient  and 
stiffen  some  otherwise  freely  vibrating  or  rotating  parts  in  the  pigment  mole¬ 
cule  itself,  thus  making  the  dissipation  of  energy  within  it  more  difficult. 
Another  way  in  which  complexing  or  adsorption  may  delay  internal  dis¬ 
sipation  of  excitation  energy,  offers  itself  if  dissipation  occurs  only  after 
the  excited  molecule  assumes  a  certain  configuration  (corresponding  to  the 
crossing  point  of  two  potential  energy  curves  in  the  diatomic  model). 
Temporary  dissipation  of  the  excitation  energy  over  a  larger  number  of 
degrees  of  freedom  (which  becomes  possible  when  the  molecule  is  com- 
plexed  or  adsorbed)  can  lengthen  the  average  time  needed  by  the  molecule 

to  reach  the  “critical”  configuration. 

With  chlorophyll  fluorescence  in  vivo,  the  effect  of  a  typical  naico  ic 
ethylurethan  was  found  to  consist  in  an  increase  in  yield  of  fluorescence  m 
Chlorella  by  about  25%  (fig.  28.49),  in  a  quenching  of  fluorescence  of 
Chromatium  in  the  absence  of  reductants  (fig.  28.50A),  anc  a  consi  era 
enhancing  effect  (up  to  about  +40%)  on  the  same  fluorescence  in  the  pres¬ 
ence  of  a  reductant  (fig.  28.50B).  (The  yield  of  fluorescencein the ^pre^nce 
of  3%  urethan  is  the  same  with  and  without  the  reductan  a  )o 
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between  the  two  yields  without  the  narcotic.)  Franck  suggested  that 
“self-narcotization”  may  be  a  protective  device  of  major  importance  for  the 
preservation  of  plants  from  destructive  photochemical  reactions  (such  as 
photoxidations)  that  are  likely  to  occur  whenever  the  photosynthetic  ap¬ 
paratus  is  for  some  reason  or  another  prevented  from  working  on  its  normal 

substrates. 

It  is  obvious  from  this  discussion  that  we  should  not  be  astonished  to 


find  rather  complicated  changes  in  the  yield  of  fluorescence  when  we  accel¬ 
erate  or  retard  photosynthesis  by  changing  external  factors  such  as  light 
intensity  or  the  concentrations  [C02]  or  [RH],  or  by  adding  various  inhibi¬ 
tors. 

As  discussed  previously  on  page  1013,  one  would  expect,  in  general, 
that,  whenever  photosynthesis  is  limited  or  slowed  down  by  “starvation” 
(i.  e.,  by  the  slowness  of  a  preparatory  dark  reaction),  the  composition  of 
the  chlorophyll  complex  will  change,  the  photosensitive  form  will  be  used 
up,  kt  will  therefore  go  down  and  <p  will  increase  correspondingly — unless 
kd  increases  simultaneously  and  so  strongly  that  its  increase  overcompen¬ 
sates  the  decrease  of  kt  (c/.  equation  28.51).  On  the  other  hand,  if  photo¬ 
synthesis  is  limited  or  slowed  down  by  “constipation”  i.  e.,  by  the  slowness 
of  a  “finishing”  dark  reaction,  the  composition  of  the  chlorophyll  complex 
will  remain  unaffected  and  fluorescence  yield  will  show  no  change,  unless 
one  is  produced  indirectly  by  the  “self-narcotization”  postulated  by  Franck. 

It  should  be  recalled  here  that,  according  to  the  criterion  we  have  es¬ 
tablished  to  distinguish  preparatory  from  finishing  dark  reactions  (page 
1013),  slow  return  of  the  photochemically  changed  form  of  the  chlorophyll 
complex  into  the  normal  photosensitive  form  must  be  considered  a  prepara¬ 
tory  reaction  (since  its  slowness  reduces  the  rate  of  the  primary  photochemi¬ 
cal  process).  This  remains  true  whether  this  restoration  occurs  through  a 
“forward”  reaction  with  the  oxidant  { AC02}  or  the  reductant  ({ A'H20},  or 
H2R  in  puiple  bacteria);  or  by  reaction  with  an  intermediary  catalyst 
such  as  (28.41b),  or  by  “primary  back  reaction”  such  as  (28.41a').  Many 
of  the  mechanisms  of  light  saturation  which  we  have  considered  involved 
the  transition  of  the  chlorophyll  complex  in  strong  light  into  a  changed 
(tautomerized,  oxidized,  reduced,  denuded  or  narcotized)  form.  The  ac¬ 
cumulation  of  this  form— which  we  assume  to  be  photochemically  inert 
y  =  °)~1S  held  responsible  for  changes  in  the  fluorescence  yield  observed 
m  strong  light.  We  will  designate  this  inactive  form  generally  as  {Chi}. 
If  the  quantum  yield  of  fluorescence  of  the  photosensitive  form  of  the  chloro¬ 
phyll  complex  is  <plt  and  that  of  the  inactive  form  {Chi}  is  *>2,  and  the  ab¬ 
sorption  coefficients  (and  the  spatial  distribution)  of  the  two  forms  are  the 
same  then  the  observed  yield  of  fluorescence  (*>  =  F/I;  number  of  quanta 
emitted  per  quantum  absorbed)  is : 
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(28.51  A)  +  fe  -  *) 

Lnlo 

Ihe  fluoiescence  yield  light  curves  <p  =  /(/„)  are  thus  linear  derivatives 
of  the  function  [{Chi}  ]  =  /(/„).  In  practice,  we  use  as  independent  vari¬ 
able,  the  incident  light  intensity  I;  since  we  assume  uniform  light  ab¬ 
sorption  (i.  e.,  an  optically  thin  system),  we  have  (c/.  equation  28.33)  Ia  = 
k*I Chl0.  The  relation  of  the  fluorescence  intensity  curve  F  =  f(Ia )  to  the 
fluorescence  yield  curve  y?  =  f(Ia )  is: 

(28.51B)  F  =  +  (*  -  *) 

Ohio 

{I a  =  absorbed  flux;  F  =  emitted  flux;  J  is  measured  in  number  of  ein- 
steins  per  sec.  per  cm.2;  Chl0  in  moles/liter.) 

It  is  easily  possible  to  derive  fluorescence  yield  curves  for  those  of  the 
kinetic  models  discussed  in  section  A7  in  which  light  saturation  is  associated 
with  the  slowness  of  a  preparatory  dark  reaction  (including  in  this  definition 
the  reactions  which  restore  the  chlorophyll  complex  after  its  photochemical 
change). 

We  begin  with  the  case  in  which  strong  light  causes  accumulation  of 
the  chlorophyll  complex  in  the  carbon  dioxide  denuded  form  (such  as 
A-Chl-A'EhO),  or  in  the  totally  reduced  form  (such  as  HX-Chl-HZ),  be¬ 
cause  of  slow  rate  of  reaction  of  carbon  dioxide  (with  the  acceptor,  A,  or 
with  the  reduced  intermediate,  HX).  We  can  use  here  the  simplest  mech¬ 
anism  of  this  type  (rather  than  the  more  elaborate  mechanisms  discussed 
in  chapter  27),  namely: 

k*I 

(28.5 lCa)  ACO> •  Chi •  A'H20  - >  A-Chl-A'H20  +  (OH)  +  {HC02| 

+H2O 

(28.51Cb)  A •  Chi  •  A'H20  +  C02 - - — »  AC02 •  Chi  •  A'H20 

or: 

k*I 

(28.51Da)  X-Chl-HZ-j^*  HX-Chl-HZ  +  [OH] 

(28.51  Db)  HX-Chl-HZ  +  C02 — *  {HC02}  +  X- Chi  HZ 

The  stationary  concentration  [{Chi}]  (=  [A-Chl-A  HoO]  or  [HX-- 
Chl.HZ])  is: 

k*ICh\0 

(28.51E)  I*  Chi  J  ]  -  j./[Co2]  +  ]c*i 

For  the  light  intensity  at  which  the  yield  of  fluorescence,  <p,  is  equal  to 

the  arithmetic  mean  of  pi  and  <p2  we  obtain : 

ft  _  fc'[CO,I 
'/»  “  k* 


(28.51  F) 
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In  this  special  case,  photosynthesis  reaches  half-saturation  at  the  same  in¬ 
tensity  as  fluorescence.  The  rate  of  photosynthesis  according  to  schemes 
(28.51C  or  D)  is: 

P  =  k  'k  */Chl0/ ( & '  [CO2  ]  +  k*I) 

and  the  saturation  rate  is  Pmax‘  =  &'Chl0,  which  gives  for  I  the  value 
(28.51F). 

We  can  next  consider  the  case  discussed  on  page  1028,  in  which  light 
saturation  is  due  to  the  accumulation  of  chlorophyll  in  the  reduced  form, 
HXChl-HZ,  because  of  slow  'primary  back  reaction.  (In  other  words,  we 
assume  mechanism  28.21,  with  the  specific  assumption  that  reaction  28.21b 
is  practically  instantaneous.)  This  leads  us  (for  the  simplest  case  when  the 
carboxylation  equilibrium  is  undisturbed  by  photosynthesis)  to  equations 
(28.28)  for  the  rate  P,  and  equations  (28.30)  and  (28.31)  for  the  half- 
saturating  light  intensity  of  photosynthesis.  The  concentration  of  chloro¬ 
phyll  complexes  in  the  inactive  form  is  given  in  this  case  by  equation 
(28.26);  the  midpoint  of  fluorescence  transition  again  coincides  with  the 
half-saturation  of  photosynthesis. 

We  can  further  consider  reaction  mechanism  (28.41)  (with  the  simpli¬ 
fying  assumption  of  instantaneous  “reloading”  with  C02  and  H20),  in 
which  light  saturation  is  ascribed  to  the  combined  effects  of  slow  restora¬ 
tion  of  the  catalyst  Eg  (assumed  to  “stabilize”  the  first  reduction  product, 
HC02),  and  of  the  slow  primary  back  reaction  (28.41a').  The  equation  for 
the  concentration  of  “inactivated”  chlorophyll  complexes  is  in  this  case 
quadratic,  and  its  one  significant  solution  is: 


(28.51G)  [{Chi}  J  (=  [AHCCVChl-A'HO])  = 
_  k%  +  kX E°b  -  kek*ICh\o  +  Kk*I 


2  ke(k'  +  k*I) 


+ 


+  keki Eb  -  &,fc*/Ch10  +  K  k*I 
2  ke(k'  +  k*I) 


) 


The  midpoint  of  the  fluorescence  transition  is: 


Kk*ICh\  ~|V« 
ke(k'  +  k*I)  J 


(28.51H) 


F1  - 
W  - 


K  /Ce 


*1  ^en-'e  “T  « ek  Uillo/2 

k*(k:  +  A'eChlo/2) 


As  could  be  expected,  this  midpoint  coincides  with  the  half-saturation 
of  photosynthesis  (28.47 A)  only  in  the  case  k'„  »  A-.Chl0,  when  (28.51H) 
educes  itself  to  (28.47Ba).  (This  extreme  case  is  practically  identical 
with  the  one  derived  above  from  mechanism  28.21 ;  in  both  of  them  half- 
saturation  is  reached  when  one-half  of  all  chlorophyll  complexes  are  in  the 

(«••  "hen  K  is  Ji»  k%!)  V’  e“ the  EB'1,m,tat,0‘l  “  Si*nifi('ant 
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In  the  other  extreme  case,  when  k'e  <  fceChl0,  we  have: 

mt'i  Ft  keke  Eb  4*  k'ke  Chlo/2 

(28‘511)  =  - fc*fc.Chlo/2 - 

Comparison  with  (28.47C)  shows  that  in  this  case 

Ae'Ae  E°b  +  A'Ae  Chi 


(28.51J) 


'A 


i  =  i  + 


0 


eChl0\ 
VK  ) 


CA-eE°u  +  2/:' 

in  other  words,  half-saturation  of  fluorescence  occurs  later  (in  fact,  much 
later,  because  /ceChl0  2k')  than  the  half-saturation  of  photosynthesis. 

Finally,  we  can  derive  the  equations  for  <p  and  i/J  for  the  “narcotiza¬ 
tion”  mechanism  (28.47 A).  The  photostationary  concentration  of  “nar¬ 
cotized”  chlorophyll  [{Chi}]  is: 


(28.51K)  [{Chi}] 


AAeE°B  -  (A  -  2)A*/Chl0  +  A^Chlo 
2 (k  -  m:  +  k*i ) 

r/AAeE°D  -  (A  -  2)A*/Chl0  +  A*' Chi, 

L\  2(A  -  1)(A-'  +  k*j 


+ 


* I ) 


■)’ 


+ 


A*/Chl<j  T/« 
(A  -  1)(K  +  k*I)j 

where  k  has  the  meaning  defined  in  eq.  (28.47Ha). 

This  expression  reduces  itself,  as  required,  to  [{Chi}]  =  0  at  I  =  0, 
and  to  [{Chi}]  =  Chl0  at  J  =  ». 

The  equation  for  the  midpoint  of  fluorescence  transition,  [{Chi}]  = 
y2  Chl0,  is: 


(28.51  L) 


'A 


7  = 


ChloA'n  (A  +  1)  +  2AAeE0 
A*(A  -)-  l)Chlo 


Comparison  with  equation  (28.48)  shows  that  fluorescence  can  be  half- 
saturated  either  earlier  or  later  than  photosynthesis,  depending  on  whether: 


(28.51M) 


/  Ae  K\  . 

\  Ac  kn) 


is  <  1  or  >  1 


(fluorescence  is  half-saturated  when  [{Chi}]  =  K  Chl0,  photosynthesis  is 
half-saturated  in  this  model  when  [EBOH]  =  K  E°B;  the  two  conditions 
are  satisfied  at  the  same  light  intensity  only  when  k  -  1). 

The  curves  representing  fluorescence  intensity,  F,  as  function  of  light 
intensity  can  be  derived  from  the  various  expressions  we  have  obtained  for 
[  { Chi }  ]  by  inserting  them  into  equation  (28.51B) .  The  resulting  equations 
are  either  second  or  third  degree,  indicating  that  the  curves  F  -  /(  ) 
are  either  hyperbolae  or  third  order  curves.  They  begin  at  7-0  with  t 
slope  <p,  and  approach  at  high  /-values  the  slope  (lower  part  oi  fig. 

28  27b 

~  A  number  of  experimental  fluorescence  curves  of  this  type  are  repro- 
duced  earlier  in  this  chapter  (e.g.,  figs.  28.29,  43-48,  )•  We  "e  n 

interested  however,  in  fluorescence  yield  curves,  -  AD,  a  plot  °i  m 
""hiwn  in  th  upper  part  of  figure  28.27.  This  figure  md, cates  that 
Ihe  'critical”  intensity"  /„  as  defined  by  Wassink  and  co-workers  (fig- 
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28.27)  is  quite  different  from  the  “midpoint”  y/— the  latter  is  situated  at 
much  higher  light  intensities.  The  ^-curves  too,  often  are  hyperbolae; 
this  is,  for  example  true  for  the  kinetic  models  leading  to  equations  (28.51E) 
(slow  reaction  with  C02),  and  (28.22)  (slow  primary  back  reaction).  On 
the  other  hand,  equations  (28.51G)  (EB-limitation)  and  (28.51K)  (“narco¬ 
tization”)  indicate  cubic  equations  for  <p  =  /(/).  This  is  of  interest  in  con¬ 
nection  with  Franck’s  idea  of  “self-regulation”  of  photosynthesis:  Franck 
envisages  a  narcotization  mechanism  which  would  not  affect  photosynthesis 
(and  fluorescence)  at  low  light  intensities,  but  would  become  operative 
rather  suddenly  when  a  finishing  dark  reaction  ceases  to  be  able  to  cope 
with  the  photoperoxides  produced  by  the  primary  photochemical  process, 
and  would  shut  off  a  part  of  the  chlorophyll  apparatus  sufficient  to  reduce 
the  formation  of  photoperoxides  to  the  amount  which  the  limiting  reaction 
can  handle.  The  assumption  of  a  self-regulating  mechanism  of  this  kind  is 
a  tempting  hypothesis,  because  of  the  general  importance  which  “feed¬ 
backs”  and  “servomechanisms”  have  acquired  in  mechanical  interpreta¬ 
tions  and  imitations  of  life  processes.  If  such  a  mechanism  were  operative, 
the  curves  [{Chi}  ]  =  /(/)  (and  with  this,  also  the  curves,  <p  =  /(/))  would 
have  to  have  sigmoid  shapes  as  indicated  by  dotted  line  in  figure  28.27. 

It  was  shown  above  that  half-saturation  of  fluorescence  will  occur  simul¬ 


taneously  with  the  half-saturation  of  photosynthesis  whenever  the  latter 
corresponds  to  one-half  of  all  chlorophyll  complexes  being  in  the  inactive 
state.  This  will  be  the  case,  e.  g.,  when  saturation  is  caused  by  insufficient 
supply  of  carbon  dioxide  (or  other  reactants) .  On  the  other  hand,  if  satura¬ 
tion  is  caused  by  slow  removal  of  photoproducts  from  chlorophyll  (e.  g., 
by  Ee-limitation  in  mechanism  28.41),  we  can  expect  half-saturation  of 
fluorescence  to  require  stronger  light  than  half-saturation  of  photosynthesis. 
This  seems  to  be  the  case  in  figure  28.26  ( Hydrangea  leaf)  where  half-satura¬ 
tion  of  <p  occurs  at  about  60  kerg,  and  that  of  P  at  about  30  kerg. 

i  'V/in  n°W  review  briefly the  experimental  results  described  in  sections 
1  and  2  (cf.  figures  28.24-28.51)  in  the  light  of  these  theoretical  concepts. 
The  occasionally  observed  light  saturation  of  photosynthesis  unaccom- 
pamed  by  changes  in  the  yield  of  fluorescence  (illustrated  most  strikingly 

rp3'  ill  Tf  indl(2te  that  saturation  was  caused  by  a  finishing  dark 
reaction  that  did  not  affect  the  composition  of  the  chlorophyll  complex 

i  er  directly  or  indirectly  (through  the  formation  of  a  “narcotic”)  This 

Lrr'r  °f  PUT?  “Z yst  B”  limitation’  and  Nation  by 

Tchate  in  Z.  t  T  Whether-  Under  these  conditions, 

region  Z  th  SOme  highei'  intensity  in  the  saturation 

egion,  when  the  primary  process  becomes  too  fast  for  some  preparatory 

whether  tL  bZZti  ^  ‘  ^  ‘S  the  CaSe  mi«h‘  dpP™d  ™ 

mary  photochemical  processor  products  that’ t  ZZ  ^  “  ““  Pri' 
slow  preparatory  catalytic  reactions.  For  exampl^if ZbaTreTit 
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(28.52) 


AIICO,  +  A'lIO 


*  ACO,  +  A'lI.O 


or: 


(28.53) 


AIIC02  •  Chi  •  A'HO 


■>  ACO2  •  Chi  •  A'H20 


and  if  no  exhaustion  of  the  photosensitive  form  has  occurred  at  the  time 
light  saturation  has  been  produced  by  EB  deficiency,  there  is  no  reason  why 
such  exhaustion  should  occur  if  the  light  intensity  is  stepped  up  still  further, 
since  the  products  of  the  back  reaction  are  ready  to  participate  again  in  the 


discussed  above.  This  could  be  explained  by  assuming,  with  Franck,  that 
the  back  reaction  liberates  so  much  energy  as  to  cause  the  reversal  not  only 


(28.54)  AHC02  +  A'HO - >  A  +  C02  +  A'H20  (or  A  +  CO,  +  A'  +  H20) 

or: 


(28.55)  AHCO,- Chi -A'HO - »  A •  Chi  •  A'H20  +  C02  (or  A •  Chi  •  A'  +  C02  +  H,0) 


In  this  way,  the  products  of  the  back  reaction  are  added  to  the  pool  of 
free  carbon  dioxide  and  water  rather  than  to  the  immediately  available 
substrates  of  the  primary  photochemical  process,  ACO2  and  A'H20. 

We  recall  that  this  hypothesis  was  first  suggested  by  Franck  to  ex¬ 
plain  an  entirely  different  observation — the  “carbon  dioxide  burst”  some¬ 
times  observed  in  the  first  minutes  of  illumination  (c/.  Vol.  I,  page  207,  and 
chapter  29,  page  1093). 

When  the  yield  of  fluorescence  goes  up  with  increasing  light  intensity, 
as  in  figure  28.25,  and  reaches  a  new  steady  value,  «?2,  in  the  region  of  the 
light  saturation  of  photosynthesis  (fig.  28.26),  this  can  be  taken  as  a  sign 
that  saturation  is  due  to  a  preparatory  dark  reaction;  it  is  thus  under¬ 
standable  why,  in  McAlister’s  experiment  represented  in  figure  28.25,  this 
change  was  observed  in  a  C02-deficient  medium  and  not  in  5%  C  02. 

The  results  obtained  by  Wassink  and  Kersten  with  Nitzschia  (fig.  28.  ) 

are  puzzling.  The  fact  that  above  50  kerg/cm.2  sec.  <p  decreases  rather  than 


with  light  intensity  could  be  formally  explained  by  assuming 
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on  page  1051  that  the  curves  would  be  easier  to  understand  if  the  designa¬ 
tions  “with  carbon  dioxide”  and  “without  carbon  dioxide”  were  exchanged !) 

In  the  case  of  purple  bacteria,  several  states  seem  to  be  needed  to  ex¬ 
plain  the  light  curves  of  fluorescence.  First  of  all,  the  low  value  of  <p  in  weak 
light  (the  sigmoid  shape)  needs  interpretation.  It  is  probably  associated 
with  the  substitution  of  intercellular  hydrogen  donors  for  the  external  re- 
ductants,  which  occurs  while  photosynthesis  is  slow.  The  coincidence  of 
the  two  curves  in  figure  28.29  seems  to  indicate  that,  when  photosynthesis 
is  prevented  by  the  absence  of  reductants,  either  chlorophyll  accumulates 
in  one  and  the  same  form  in  the  presence  and  in  the  absence  of  carbon 
dioxide,  or  the  two  forms  ( e .  g.,  HX-BChl-Z  and  X-BChl-Z)  accumu¬ 
lated  under  these  conditions  have  a  practically  identical  rate  of  energy 
dissipation,  kt.  In  the  presence  of  reductants,  the  two  forms  accumulated 
with  and  without  carbon  dioxide  (perhaps  X-BChl-HZ  and  HX-BChl-- 
HZ)  possess,  to  the  contrary,  a  very  different  fluorescence  capacity.  How¬ 
ever,  as  the  light  intensity  is  increased,  a  further  change  in  the  composi¬ 
tion  of  the  complex  occurs,  leading  to  the  crossing  of  the  curves  with  and 
without  carbon  dioxide.  Figures  28.31-28.35  confirm  that  the  absence  of 
reductants  causes  (in  the  presence  as  well  as  in  the  absence  of  carbon  di¬ 
oxide),  the  accumulation  of  a  form  with  considerably  increased  capacity 
for  fluorescence  (which  may  be  X-BChl-Z,  or  AC02 -BClil •  A'). 

An  alternative  explanation  of  the  effect  of  reductants  on  fluorescence 
can  be  given  on  the  basis  of  Franck’s  concept  of  “self-narcotization.” 

ranck  assumes  that  reductants  such  as  hydrogen  or  thiosulfate  intervene 
in  bacterial  photosynthesis  by  reducing  the  “photoperoxides”  formed  by 
the  primary  photochemical  process.  If  the  reductants  are  deficient,  the 
peroxides  accumulate  and  produce  the  “narcotic,”  that  blankets  the 
chlorophyll  and  causes  fluorescence  to  become  stronger.  The  absence  of 
CO*  lc>ss  effect  in  bacteria  because  they  are  studied  under  anaerobic 
conditions,  permitting  no  photoxidation.  Wassink,  Katz,  et  al.  (1938, 
1942,1949)  explained  the  effect  of  reductants  by  assuming  that  an  “energy 
acceptor,”  capable  of  taking  light  energy  over  from  bacteriochlorophyll, 
thus  quenching  its  fluorescence,  can  be  formed  exclusively  by  enzymatic 
transformation  of  the  reductants.  They  followed  that  C02  must  have  no 
effect  on  fluorescence  at  all — which  is  not  true. 

The  effects  of  cyanide  and  of  low  temperature  on  fluorescence  (and  photo- 
syn(hesis)  can  often  be  explained  by  assuming  that  the  primary  effect 
of  both  is  the  retardation  of  the  carbon  dioxide  supply  processes.  However 
we  have  seen,  in  part  A,  that  not  all  the  experimental  results  on  cyanide 
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inhibition  agree  with  this  simple  explanation;  the  same  is  true  of  the 
fluorescence  measurements.  It  is,  for  example,  not  clear  why  the  concen¬ 
trations  of  cyanide  needed  to  markedly  affect  fluorescence  are  so  much 
higher  than  those  needed  to  inhibit  photosynthesis.  These  and  the  results 
obtained  with  several  other  poisons  and  narcotics  require  so  many  ad  hoc 
explanations  that  we  do  not  want  to  attempt  them  here.  Parallel  measure¬ 
ment  of  gas  exchange  and  fluorescence  in  the  presence  of  various  inhibitors 
seems  to  be  a  very  promising  approach  to  the  unravelling  of  the  complex 
happenings  in  the  photosensitive  chlorophyll  complex;  but  the  presently 
available  results  are  hardly  sufficient  to  warrant  a  detailed  attempt. 

Franck- — to  whom  we  owe  both  the  fundamental  concepts  of  fluorescence 
and  the  demonstration  of  how  these  concepts  can  be  usefully  applied  to  the 
study  of  photosynthesis — has  written  two  reviews  of  this  subject  (1949, 
1951),  which  contain  many  observations  and  interpretations  that  could  not 
be  covered  in  the  above  presentation. 
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Chapter  29 

THE  LIGHT  FACTOR.  II.  MAXIMUM  QUANTUM  YIELD  OF 

PHOTOSYNTHESIS* 


In  analyzing  the  light  curves  of  photosynthesis  in  chapter  28,  we  did 
not  discuss  the  slope  of  the  initial  linear  part.  This  is  a  particularly  im¬ 
portant  quantity,  since  it  determines  the  maximum  quantum  yield  of  photo¬ 
synthesis  and  the  maximum  conversion  of  light  into  chemical  energy  achieved 
in  this  process.  The  present  chapter  will  deal  with  these  two  subjects. 

The  definition  of  maximum  quantum  yield  as  the  limiting  slope  of  the  light  curve 
at  low  light  intensities  implies  that  this  curve  has  no  inflection.  An  inflection  has  often 
been  observed  in  the  light  curves  of  purple  bacteria,  but  it  has  usually  been  assumed  that 
the  light  curves  of  algae  and  higher  plants  show  no  such  complication.  Certain  recent 
observations  (Kok,  van  der  Veen)  lead,  however,  to  new  doubts  concerning  the  shape  of 
the  light  curves  below  the  compensation  point;  we  will  discuss  these  observations  and 
their  possible  significance  for  the  determination  of  the  maximum  quantum  yield  later  in 
this  chapter  (page  1113). 


If  the  yield  of  photosynthesis  is  expressed  in  moles  of  reduced  carbon 
dioxide  (or  liberated  oxygen),  P,  and  the  light  absorption,  Ia,  is  given  in 
einsteins  of  absorbed  photons,  the  ratio  y  =  P/Ia  is  the  quantum  yield. 
(In  many  papers  on  photosynthesis,  and  photochemistry  in  general,  the 
quantum  yield  is  designated  by  the  letter  <p ,  which  we  reserved — ( cf .  Vol.  I, 
page  546) — for  the  quantum  yield  of  fluorescence. 

If  the  yield  is  measured  by  the  energy  content  (heat  of  combustion)  of 
the  produced  carbohydrates,  —  A Hc,  and  Ia  is  given  in  calories,  the  ratio 

e  =  ~  /I a  can  be  called  the  energy  conversion  factor.  The  relation  be¬ 

tween  7  and  e  is: 


(2,U)  e - AHmy/NAhv  =  3.96  X  10~3  XmM7  ^  4  X  10~3  \m„y 

where  AH„  is  the  molar  heat  of  combustion  of  one  |CH,0 )  group  in  carbo¬ 
hydrates  (approximately  112  kcal,  or  4.09  X  10'2  erg);  NA,  Avogadro’s 
number  (6.02  X  10”);  h,  Planck’s  constant  (0.55  X  10-”);  and  v  the 
frequency  of  light  (3.00  X  10‘yx,„„). 

fronXTT  °f  !He  •qUanr‘Um  yie’d”  °f  a  P^hemical  process  arose 
om  Einstein  s  application  of  quantum  theory  to  photochemistry  in  1913 

m2, 7 f T T  ’  m  elaboration  of  Pack’s  concept  of  vibrational  energy 
quanta  of  electrons  m  atoms  and  molecules,  that  light  energy,  too,  consists 
Bibliography,  page  1139. 
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of  finite  quanta  (photons) ;  from  this,  he  deduced  that  the  number  of 
molecules,  N,  changed  photochemically  by  the  absorption  of  a  certain 
amount  of  light,  must  be  equal  to  the  number  of  absorbed  photons,  N^v 
(Einstein’s  law  of  photochemical  equivalency).  In  the  following  years, 
rapidly  accumulating  rate  measurements  of  photochemical  reactions  made 
it  clear  that  Einstein’s  principle  applies  only  to  the  'primary  photochemical 
process,  while  the  observed  over-all  rates  of  photochemical  reactions  usu¬ 
ally  depend  on  the  efficiency  of  secondary  reactions,  which  follow  the  pri¬ 
mary  photochemical  step.  Over-all  rate  measurements  therefore  only 
seldom  lead  to  straightforward  confirmation  of  the  equivalency  law  (in 
other  words,  the  empirical  quantum  yields  usually  are  smaller — or  larger — 
than  unity). 

Photosynthesis,  as  the  most  important  photochemical  process  in  na¬ 
ture,  naturally  came  under  scrutiny  from  the  point  of  view  of  its  quantum 
yield.  The  problem  appeared  particularly  intriguing  because  of  the 
strongly  endothermal  character  of  the  photosynthetic  reaction.  It  could 
easily  be  calculated  that  one  quantum  of  visible  light  (energy  available: 
40-60  kcal/einstein)  is  insufficient  to  convert  one  molecule  of  carbon  di¬ 
oxide  (and  one  molecule  of  water)  into  a  link  in  the  carbohydrate  chain 
and  a  molecule  of  oxygen  (energy  needed:  about  112  kcal/mole).  It  was 
obvious  that  several  quanta  must  cooperate  in  the  reduction  of  one  mole¬ 
cule  of  carbon  dioxide.  The  question  was:  how  many  (or  rather:  how 
few — since,  from  the  point  of  view  of  reaction  mechanism,  we  are  above  all 
interested  in  the  maximum  quantum  yield  obtainable  under  the  most  fav¬ 


orable  conditions). 

According  to  equation  (29.1),  the  answer  to  this  question  meant  also 
the  determination  of  the  maximum  efficiency  of  plants  as  converters  of 
light  energy  into  chemical  energy.  Over  a  century  ago,  in  1845,  Robert 
Mayer  recognized  that  storage  of  light  energy  by  conversion  into  chemical 
energy  is  a  most  important  aspect  of  plant  activity  on  earth  (c/.  Vol.  I, 
chapter  2) .  We  have  described  in  the  preceding  chapter  several  investiga¬ 
tions  in  which  the  yield  of  this  conversion  was  measured  over  considerable 
periods  of  time,  and  concluded  that  under  natural  conditions  it  is  rather 

low— of  the  order  of  2-5%.  .  1000  ,  , 

It  was  known,  however,  since  Reinke’s  investigation  in  1883  {cf.  pag 
964)  that  the  light  curves  of  photosynthesis  are  convex;  the  curvature 
sometimes  becomes  apparent  even  at  very  low  light  intensities  (cf.  chapter 
28  section  A2).  This  means  that  the  energy  conversion  efficiency  and 
the  quantum  yield  increase  as  light  intensity  decreases.  Marburg  and 
Neeelein  (1922)  set  out  to  deteimine  the  maximum  quantum  yie  . 
measuring  the  yield  in  very  low  light.  Their  work  marked  the  beginning 
of  a  new  stage  in  the  quantitative  study  of  photosynthesis, 
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The  inverse  of  the  quantum  yield  (or  quantum  efficiency,  which  is  the 
same  thing),  is  called  the  quantum  requirement.  Regrettably,  the  first 
term  is  often  used  when  the  second  one  would  be  appropriate— for  example, 
it  is  said  that  “the  quantum  yield  of  photosynthesis  is  4”  (or  8,  or  some 
other  number,  where  n  >  1),  instead  of  saying  that  it  is  1/. 4  (or  V 8,  01,  gen¬ 
erally,  1/n). 

1.  Quantum  Yield  Measurements  by  the  Manometric  Method 

Most  quantum  yield  determinations  of  photosynthesis  were  carried  out 
by  the  manometric  method  described  in  chapter  25  (see  fig.  25.3A).  In 
this  method,  the  change  of  gas  pressure  is  measured  first  above  a  darkened, 
and  then  above  an  illuminated  cell  suspension.  The  net  effects  observed 
are  the  result  of  pressure  changes  due  to  the  production  and  consumption 
of  both  carbon  dioxide  and  oxygen.  If  both  the  respiratory  quotient  and 
the  photosynthetic  quotient  are  unity,  the  net  pressure  changes  are  different 
from  zero  only  because  of  the  greater  solubility  of  carbon  dioxide  in  water 
(or,  still  more,  in  alkaline  buffers),  as  compared  with  that  of  oxygen.  To 
obtain  a  check  on  the  two  quotients,  the  measurement  can  be  repeated,  in 
darkness  and  in  light,  with  a  different  ratio  of  gas-filled  and  liquid-filled 
volumes  ( cf .  fig.  25. 3B). 


(a)  Investigations  of  Warburg  and  Negelein 

Warburg  and  Negelein  (1922,  1923)  were  the  first  to  apply  the  mano¬ 
metric  method.  They  worked  with  suspensions  of  the  unicellular  green 
alga  Chlorella.  (The  species  was  described  by  them  as  Chlorella  vulgaris, 
but  subsequent  experience  makes  it  uncertain  whether  it  was  this  species, 
01  C.  pyrenoidosa.)  To  avoid  the  difficulties  of  the  measurement  of  light 
absorption  in  plants  caused  by  scattering  (cf.  chapter  22),  they  used  dense 
suspensions,  absorbing  practically  all  the  incident  light.  Consequently, 
at  any  given  moment,  most  of  the  cells  were  shaded,  and  their  contribution 
to  photosynthesis  was  small;  on  the  other  hand,  all  cells  contributed 
equally  to  respiration.  For  this  reason  and  because  of  the  low  light  in¬ 
tensities  used  (of  the  order  of  1000  erg/cm.2  sec.),  the  total  volume  of 
respiration  was  larger  than  that  of  photosynthesis.  (In  other  words 
ar  ur^  an(*  ^egelein  worked  below  the  compensation  point.)  Thev 
noted  that  the  respiration  of  Chlorella  was  markedly  stimulated  by  pro¬ 
longed  exposure  to  light  (cf.  chapter  20,  page  564) .  In  order  to  avoid  such 

oerM?  rf  rTP'ratl“  du™g  the  exp«rimeilt>  Warburg  used  illumination 
per  iods  of  not  more  than  10  minutes,  separated  by  equal  or  longer  periods 

o  darkness.  Because  of  the  sluggish  response  of  the  manometer  to  change 

Of  gas  concentration  in  the  liquid,  the  determination  of  the  gas  exchange 
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generally  requires  an  interpolation,  illustrated  by  figure  29.1.  The  uncer¬ 
tainty  caused  by  this  interpolation  is  unimportant  for  extended  illumina¬ 
tion  periods,  but  can  markedly  affect  the  results  obtained  in  short  experi¬ 
ments,  1  oi  example,  experiments  of  5  or  10  minutes.  Furthermore,  short 
illumination  peiiods  increase  the  importance  of  induction,  phenomena. 
Warburg  knew  from  his  earlier  work  (c/.  chapter  33)  that  an  “induction 
loss”  ( i .  e.,  delayed  onset  of  photosynthetic  activity)  can  occiir  after  dark 
periods  of  the  order  of  several  minutes,  but  he  also  knew  that  this  effect 
disappears  if  the  light  intensity  is  reduced  considerably  below  the  satura¬ 
tion  region  ( cf .  fig.  33.8).  Since  in  the  quantum  yield  work  very  low 


Fig.  29.1.  Manometric  determination  of  quantum  yield  (after  Rieke 
1939).  Solid  lines  represent  assumed  course  of  photosynthesis  and  respira¬ 
tion;  dotted  curve,  the  pressure  changes  read  from  manometer.  KH  is 
interpolated  yield  of  photosynthesis  in  10  min. 


light  intensities  were  used,  Warburg  assumed  that  induction  can  be  neg¬ 
lected.  Subsequently,  Emerson  and  Lewis  (1939,  1941)  found  evidence  of 
an  induction  phenomenon  of  a  different  kind,  consisting  in  photochemical 
liberation  of  carbon  dioxide  during  the  first  few  minutes  of  illumination. 
This  carbon  dioxide  “gush”  or  “burst”  does  not  disappear  with  deceasing 
light  intensity,  and  could  be  of  particular  importance  in  measurements  in 

very  low  light. 

An  explanation  of  the  carbon  dioxide  burst,  suggested  by  Franck  (1942),  already 
was  described  in  Volume  I  (page  167).  This  theory  suggests  that  the  “burst”  is  caused 
by  the  decomposition  of  the  carbon  dioxide-acceptor  complex,  AC^,  accumulated  m 
the  dark.  This  decomposition  follows  the  photochemical  reduction  of  ACO2  to  AHt 
and  the  reversal  of  this  reduction  by  back  reactions,  e.  g.,  in  Franck’s  notation: 


(29.2)  { AC02  +  HChl ! 


forward  reaction  _  .  ,  back  reaction 

- - »  |  AHCO2  +  Chi }  - - * 


light 


CO2  liberation 

HChl  +  ACO? }  - »  HChl  +  CO2 
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or,  in  the  notation  used  in  chapter  28  (pp.  1032,  1036,  etc.). 


(29.2a)  ACCVChl  •  A'H20 


forward  reaction 


light 


*  AHCCVChl-A'OH 


back  reaction 


CO2  liberation  Tjr 

A'H20*Chl  •  ACO* - »  A  Chi  A  +  H20  +  A  +  C02 


Here,  asterisks  indicate  that  the  compounds  formed  by  back  reactions  contain  consider¬ 
able  excess  energy  and  therefore  tend  to  decompose  into  their  constituents.  These  back 
reactions  normally  occur  only  in  saturating  light  (they  are,  in  fact,  supposed  to  be  re¬ 
sponsible  for  saturation);  but  in  the  first  moment  of  illumination,  practically  all 
AHC02  formed  (even  the  small  amounts  produced  in  weak  light)  undergoes  back  reac¬ 
tion,  because  during  this  “induction  period,”  certain  catalysts  have  not  yet  been  re¬ 
activated,”  and  are  unable  to  take  care  of  the  products  of  the  first  photochemical  reac¬ 
tion. 


A  difficulty  of  this  hypothesis  is  that,  even  with  a  100%  yield  of  the  back  reaction, 
the  rate  of  production  of  AC02  in  weak  light  must  be  small  compared  with  the  same 
rate  in  strongly  oversaturating  light.  In  the  latter  case,  all  intermediates  formed  in  ex¬ 
cess  of  the  saturating  rate  are  supposed  to  undergo  back  reactions;  and  yet,  under 
appropriate  supply  conditions,  no  carbon  dioxide  limitation  is  observed,  indicating  that 
either  the  AC02  complexes  formed  bv  back  reactions  do  not  dissociate,  or  the  recombina¬ 
tion  of  A  and  C02  is  so  fast  as  to  prevent  any  exhaustion  of  AC02  (in  other  words,  the 
rate  ceiling  imposed  by  the  formation  of  AC02  must  be  high  compared  with  the  full  rate 
of  the  primary  photochemical  process  and  not  only  compared  with  fhe  rate  of  the  finish¬ 
ing  dark  reaction). 

The  total  volume  of  the  gush — which  is  about  equivalent  to  the  quantity  of  chloro¬ 
phyll  present  in  the  cells — is  in  agreement  with  Franck’s  hypothesis;  but  the  slow  re- 
absorption  of  carbon  dioxide  in  the  dark  (c/.  fig.  29. 3B,  p.  1092)  requires  an  explana¬ 
tion,  since  the  time  course  of  the  “pick-up”  (cf.  Vol.  I,  fig.  22)  indicates  that  the  car- 
boxylation  equilibrium  C02  +  A  — >  AC02  usually  is  established  in  a  few  seconds.  It 
may  be  noted  that  a  similar  difficulty  was  encountered  in  the  attempt  to  attribute  the 
uptake  of  radioactive  carbon  dioxide  in  the  dark  (fig.  21,  Vol.  I)  to  the  same  carboxyla- 
tion  process.  Another  problem  is  presented  by  the  necessity  of  a  high  carbon  dioxide 
concentration  (>5%)  for  the  “saturation”  of  the  gush,  since  the  shape  of  the  carbon 
dioxide  curves  of  photosynthesis  indicates  that  the  acceptor  must  be  saturated  with 
carbon  dioxide  even  below  0.1%  C02. 


These  discrepancies  suggest  that  perhaps  the  gush  and  its  reversal  in  the  dark  are 
manifestations  of  a  carbon  dioxide  metabolism  related  to  respiration  and  fermentation 
rather  than  to  the  first  step  of  photosynthesis;  but  this  hypothesis,  in  turn,  fails  to  ex- 
plam  the  apparent  close  relation  of  the  carbon  dioxide  liberated  in  the  gush  to  the 
chlorophyll  complex  (without  such  a  relationship,  a  photochemical  liberation  of  carbon 
dioxide  with  a  high  quantum  yield  would  be  difficult  to  understand). 

level ^be t wpprf k/rg”  ° ^esffirat ion  and  photosynthesis  at  an  intermediate  reduction 
el  between  C02  (L  -  0)  and  carbohydrate  (L  =  1),  e.g.,  on  the  level  of  oxalacetic 

(chaptera36)8if  "  ™25™d  °£5’  ^P^ively),  hypothesized  by  Calvin  and  co-workers 
(  apter  36),  f  confirmed,  could  explain  how  respiratory  decarboxylations  might  be  af¬ 
fected  by  reactions  in  the  photochemical  reaction  sequence. 


wouidcb?r  r?  bn of  the  voiume  °bserved  ^ e—  ^ 

would  be  laigely  absorbed  in  carbonate  buffers.  As  it  was  Warbunr  and 
Negelein  had  decided  that  acid  solutions  (e.  water  equmbra  “d  ^h  an 
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atmosphere  containing  5%  C02)  offer  a  better  promise  of  full  photosynthe¬ 
tic  efficiency,  and  chose  to  use  them  instead  of  the  “unphysiological”  alkal¬ 
ine  buffers.  Since  only  a  small  part  of  the  carbon  dioxide  liberated  in  the 
burst  can  be  caught  in  pure  water,  the  larger  part  must  escape  into  the  gas 
space,  and  the  consequent  increase  of  pressure  will  be  interpreted  as  in¬ 
creased  photosynthesis,  unless  a  check  on  the  photosynthetic  quotient, 
QP,  reveals  that  the  liberated  gas  is  mostly  carbon  dioxide  and  not  oxygen. 
It  will  be  noted  (c/.  Vol.  I,  page  31)  that  we  designate  the  photosynthetic 
quotient  as  QP  and  define  it  as  the  (positive)  ratio  —  AO2/ACO2,  while 
Warburg  (and  many  others)  designate  the  photosynthetic  quotient  as  7 
(using  the  symbol  <p  for  the  quantum  yield),  and  define  it  as  the  (negative) 
ratio  +ACO2/AO2. 

The  discovery  of  a  carbon  dioxide  gush  by  Emerson  and  Lewis  has  made 
the  interpretation  of  the  results  of  Warburg  and  Negelein  uncertain.  The 
latter’s  quantum  yield  values,  calculated  from  net  pressure  changes  in  10 
minute  exposures,  with  the  assumption  Qp  =  1  (or  more  exactly,  1.09), 
turned  out  to  be  close  to  0.25  or  y4.  Offhand,  this  result  seemed  eminently 
satisfactory  in  consideration  of  the  fact  that  the  reduction  of  carbon  di¬ 
oxide  by  water  involves  the  transfer  of  four  hydrogen  atoms  ( cf .  chapters 
3  and  7,  Vol.  I). 

If  the  value  \\  had  not  been  so  plausible  chemically,  the  fact  that  this 
high  yield  could  be  obtained  only  by  following  a  specific  schedule  of  experi¬ 
ments,  combined  with  special  methods  of  cultivation  of  the  algae,  would 
perhaps  have  attracted  more  attention.  At  first,  using  Chlorella  cells 
grown  in  full  light,  Warburg  and  Negelein  obtained  only  quantum  yields 
of  <0.06.  Later  they  found  much  higher  yields  are  obtainable  with  sus¬ 
pensions  adapted  to  weak  light.  These  experiments  were  carried  out  in 
yellow  +  orange  light;  high  values  of  7  (up  to  0.3)  were  obtained  by  extra¬ 
polation  to  I  =  0,  since  the  light  curves  bent  markedly  even  below  1000 
erg/cm.2  sec.  In  a  second  paper  (1923),  in  which  monochromatic  light 
was  used,  the  curvature  was  less  pronounced  and  Warburg  and  Negelein 
calculated,  without  recourse  to  extrapolation,  quantum  yields  ranging  from 
0.20  in  blue,  to  0.23  in  red  light,  corresponding  to  energy  conversion  factors 
from  0.34  to  0.59.  The  least  number  of  quanta  of  red  light  containing  suf¬ 
ficient  energy  to  cover  the  energy  expenditure  of  the  reaction  C02  +  H20 
02  +  { H2CO }  is  three;  the  lowest  plausible  number  of  elementary  reaction 
steps  is  four  (corresponding  to  the  transfer  of  four  hydrogen  atoms  from 
water  to  carbon  dioxide).  From  Warburg  and  Negelein  s  iesu  ts,  1  ap 
peared  that  plants  are  able  to  achieve  photosynthesis  with  not  more  an 
four  photochemical  steps,  leaving  only  a  small  margin  to  cover  losses  of 
energy  by  dissipation  into  heat,  which  appear  inevitable  in  a  complicated 

chemical  process. 
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When  theorists  tried  to  devise  a  detailed  mechanism  of  photosynthesis, 
plausible  not  only  from  the  point  of  view  of  chemistry,  but  also  from  that  of 
energetics,  they  found  themselves  badly  hampered  by  the  straight-jacket 

into  which  the  limitation  to  four  quanta  had  put  them. 

Franck  and  Herzfeld  (1941),  in  particular,  pointed  out  that,  if  the  reduction  of 
carbon  dioxide  has  to  be  brought  about  by  several  consecutive  photochemical  steps  (as 
in  scheme  7.VA),  the  intermediates  must  have  a  certain  degree  of  stability  in  order  to 
avoid  reoxidation  while  waiting  for  the  supply  of  another  quantum  of  light  energy.  Con¬ 
sequently,  the  “stabilization  energy”  of  several  intermediate  products  must  be  added  to 
the  energy  requirements  of  photosynthesis;  and  a  further  allowance  must  be  made  for 
the  heat  of  formation  of  the  ICO2}  complex  and  the  heat  of  decomposition  of  a  per¬ 
oxide  (which  is  the  probable  precursor  of  free  oxygen  evolved  in  photosynthesis). 


2  {h202|  +  {HjCO} 


A Hj  i  10  kcol 


AHj  i  10  kcal 


AHJ(  >  10  kcol  | 


C02  +  H20 - 

{C02j  +  H  0 


LHP  i  45  kcal 

- 02  +  {ch2o|  +  3  H20 


h 


!  AW{co2} 


A Hc  =  112  kcal/mole 


-  20  kcal 


Fig.  29.2.  Energy  requirements  of  a  linear  four-stage  mechanism  of 
photosynthesis  (after  Franck  1941).  Total  energy  required  AH  +  A Hc  + 
Atf|co2]  +  AHii  +  AHi2  +  AHU  +  AHp  =  210  kcal. /mole. 

trstoTr  rgy  oooti0nS  iu-Pih0t??yntheSiS’  aCCOrdinK  t0  Franck  and  Herzfeld,  are  illus- 
t  by  figUT  2f'2,  S  Whlch  AH{  C°2)  (the  ener^  of  formation  of  the  carbon  dioxide- 

ates)PandCA^P  Gthe  ^  f?'3  ^  <<stabilization  energies”  of  three  intermedi- 

...  P’  onorgy  of  stabilization  of  the  end  products  (which  includes  the  de 
compos, ..on of  the  peroxide,  ,  H,0, ) )  arc  show  „  as  addit  i  onal  CIM 
togethei  with  the  accumulated  chemical  energy,  A Hc,  must  be  supplied  by  light 
The  stabilization  energy  required  for  the  prevention  of  “backsliding”  nf  i  t 
ates  in  periods  of  several  minutes  (which  must  pass  i  weak  1 1 1  i  '  I  ° 
o  green  cells,  between  the  absorption  of  two  light  quanta  bv  one  and  1  SUSP“S'°" 
phyll  molecule)  must  be  of  the  order  of  10  keal/mo  e  tb!  h  .  r ,  °  Same  c,hIor°- 

complex  was  estimated  in  chapter  27  as  >20  keaT/lnl  a  °/  format'OI> °f  ‘he  I  CO,  | 
the  ICO,}  complex  and  the  " 

Photosynthesis  from  112  kcal/mole  to  probably  as  much  as  210  °f 

emetems  of  red  light  (X  -  660  m„)  provide  only  170  kcal.  2  “  kcal/mole-'vhCTeas  4 
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The  energy  requirements  are  somewhat  different  if  a  “pyramidal”  mechanism  is 
postulated  instead  of  the  “linear”  reaction  sequence  represented  in  figure  29.2  ( i.e .,  if  it 
is  assumed  that  four  light  quanta  produce  four  identical  pairs  of  intermediates,  which 
then  undergo  dismutation  by  dark  reactions,  finally  giving  one  pair  of  finished  products, 
[CH20]  +  02;  cf.  Vol.  I,  pages  156,  158  and  164).  In  this  case,  the  four  quanta  re¬ 
quired  to  reduce  one  molecule  of  carbon  dioxide  can  be  absorbed  by  four  different  chloro¬ 
phyll  molecules.  (The  same  result  can  be  achieved  by  other  physical  or  chemical  mech¬ 
anisms  permitting  a  “collection  of  quanta”  absorbed  by  several  pigment  molecules  in 
one  “reaction  center.”  These  “photosynthetic  unit”  theories  will  be  presented  in 
chapter  32.)  In  this  case,  the  total  energy  requirement  is  obtained  by  adding  to  the 
accumulated  energy  (112  kcal/mole)  approximately  20  kcal  liberated  in  the  formation 
of  the  [C02]  complex,  and  the  energy  amounts  liberated  in  the  several  dismutations  (or 
other  “quanta-collecting”  processes).  It  may  be  noted  that  one  dismutation  reaction 
(dismutation  of  a  peroxide,  yielding  an  oxide  and  free  oxygen)  was  included  also  in  the 
“linear”  scheme.  The  dismutation  of  hydrogen  peroxide  liberates  as  much  as  46  kcal 
per  mole  02  (Table  11. 1,  Vol.  I);  but  dismutations  of  organic  compounds,  such  as  the 
Cannizzaro  reaction,  are  less  exothermal  (about  10  kcal/mole;  cf.  Table  9. Ill,  Vol.  I). 
Even  so,  three  such  dismutations,  together  with  one  dismutation  of  a  peroxide,  will 
bring  the  total  energy  requirement  of  the  “pyramidal”  reaction  scheme  up  to  the  same 
210  kcal,  which  were  estimated  above  for  the  “linear”  reaction  sequence. 


For  16  years,  the  “4  quanta  mechanism”  of  photosynthesis  was  the  ob¬ 
ject  of  admiration  and  the  source  of  headaches  for  those  who  approached 
the  problem  of  photosynthesis  from  the  point  of  view  of  energy  conversion. 
During  this  time,  no  serious  attempts  were  made  to  check  the  experimental 
foundations  of  this  mechanism,  and  the  results  of  W  arburg  and  Negelein 
were  considered  final. 

We  will  see  in  the  next  section  that  even  during  this  time  some  measure¬ 
ments  were  made  with  the  higher  plants  that  gave  considerably  lower  quan¬ 
tum  yields;  but  because  of  less  suitable  objects  and  less  precise  methods, 
they  were  not  considered  to  throw  doubt  on  the  validity  of  W  arburg  and 
Negelein’s  results.  Beginning  in  1938,  however,  a  series  of  investigations 
appeared,  in  which  the  photosynthesis  of  the  same  algae  as  used  by  ar¬ 
burg  was  studied  by  several  methods  (gas  analysis,  polarography  and  calori¬ 
metry)  in  the  laboratories  of  the  University  of  Wisconsin;  these  measure- 
ments  gave  rather  widely  scattered  results,  but  the  yields  were  invariably 
much  lower  than  0.25.  The  maximum  quantum  yields  observed  in  this 
work  (to  be  described  in  some  detail  in  section  2)  were  of  the  order  of  OX 
These  publications  induced  several  investigators  to  repeat.  War  urg  . 
Negelein’s  determinations,  adhering  as  closely  as  possible  to  the  original 

te°^ieke  (1949)  used  monochromatic  light  (mercury  lines  546  and  578 
J  It!  an  ‘integrating  box”  for  the  determination  of  light  a  Won. 
The  pretreatment  of  the  algae  (adaptation  to  weak  light),  the Tight  t 
ity  (about  1000  erg/cm.=  sec.)  and  the  illumination  periods  (10  minute 
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were  the  same  as  in  Warburg’s  work.  The  quantum  yields  calculated  from 
ten  experiments  at  578  mM  ranged  from  0.18  to  0.24,  and  those  calculated 
from  six  measurements  at  546  m/x,  from  0.1/  to  0.20. 

Thus,  Rieke  found  Warburg  and  Negelein’s  results  reproducible,  but 
only  by  strict  adherence,  not  merely  to  the  original  method  of  culturing 
of  the  algae,  but  also  to  Warburg’s  schedule  of  illumination.  Wassink, 
Vermeulen,  Reman  and  Katz  (1938)  noted  another  peculiarity — the  quan¬ 
tum  yields  determined  according  to  the  procedure  of  Warburg  and  Nege- 
lein,  were  affected  by  temperature — they  increased  from  0.11  to  0.20  when 
the  temperature  was  changed  from  0°  to  29°  C. 

Another  peculiar  observation  was  made  by  Rieke,  who  found  that  the 
kind  of  water  used  in  the  preparation  of  the  algal  culture  had  an  effect  on 
the  quantum  yield.  Emerson  and  Lewis  (1938,  1939)  confirmed  this. 
They  used  water  from  seven  different  sources,  and  obtained,  under  other¬ 
wise  identical  conditions,  variations  in  the  quantum  yield  from  0.16  to 
0.27. 


The  lowest  values  were  obtained  in  glass-distilled  water;  addition  of  a  stock  mixture 
of  “microelements”  (B,  Zn,  Co,  Mn,  Mo,  Cr,  Ni,  Co,  W,  Ti,  V)  increased  it  markedly; 
a  similar  result  was  achieved  by  an  increase  in  the  amount  of  ferrous  sulfate  in  the  nu¬ 
trient  mixture  (apparently,  this  compound  contained  all  the  micronutrients  as  impuri¬ 
ties). 


Emerson  and  Lewis  found  that,  for  securing  the  highest  yields,  the  cells 
had  to  be  grown  for  5  or  10  days  at  15-20°  C.,  20  cm.  from  four  grouped  60 
watt  lamps  followed  by  3  days  30  cm.  from  a  single  100  watt  lamp.  In 
agreement  with  Wassink  and  co-workers,  they  found  a  temperature  effect — 
the  highest  quantum  yield  was  observed  at  10°  C.  At  least  5%  C02  had 
t°  be  Present  during  the  quantum  yield  measurement,  and  the  light  in¬ 
tensity  could  not  exceed  350  erg/cm.2  sec. 


lhese  experiments  could  have  been  interpreted  as  indicating  possible 

reasons  for  the  low  yields  observed  at  Wisconsin,  and  thus  supporting  the 

validity  of  the  results  of  Warburg  and  Negelein,  if  a  new  difficulty  had  not 

appeared.  Emerson  and  Lewis  found  that,  by  combining  all  the  favorable 

factors,  7  values  could  be  obtained  that  were  considerably  above  Warburg 

and  ^egelem  s  value  of  0  25.  With  10  min.  illumination  periods,  y  values 

p  to  0.31  tvere  obtained;  and  these  were  further  increased  by  making 

illumination  periods  even  shorter.  Since  even  a  quantum  yield  of  V, 

presented  grave  difficulties  from  the  point  of  view  of  thermochemistry 

fields  of  one  third  or  higher  were  clearly  incompatible  with  the  accepted 
over-all  reaction  of  photosynthesis.  accepted 

in  the"  ffiuteLseonihUSPeC!ed  ('938'  *939)  ‘hat  ,h<-  Production 

minutes  of  illumination  may  occur  by  reduction  of  accumulated 
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intermediates  of  dark  metabolism,  rather  than  of  carbon  dioxide,  and  thus 
require  less  energy.  This  caused  them  to  inquire  into  the  value  of  the 
photosynthetic  quotient  in  the  first  minutes  of  illumination.  It  was  in  this 


Fig.  29. 3A.  Rates  of  pressure  change  during  alternating  periods  of  light  and 
darkness,  for  the  same  quantity  of  cells,  in  two  vessels  (after  Emerson  and  Lewis 
1941).  Vessels  differ  in  gas  volume,  thus  permitting  separate  calculation  of  [02] 
and  [CO*]  (cf.  fig.  25.3B  and  29.4A). 


Fig.  29.3B.  Rat*  of  exchange  of  Os  (solid  curve) 
lated  from  the  rates  of  pressure  change  shown  in  fig.  29.3A  for  two  different 

(after  Emerson  and  Lewis  1941). 
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inquiry  that  they  noticed  the  carbon  dioxide  “burst”  (1940,  1941),  and 
suggested  that  failure  to  recognize  it  could  have  been  responsible  for  the 
large  pressure  changes  observed,  and  the  high  quantum  yields  calculated  by 
Warburg  and  Negelein. 

Figure  29.3,  taken  from  Emerson  and  Lewis  (1941),  shows  the  rate  of 
pressure  changes  as  observed  in  minute-to-minute  measurements  in  two 
vessels  with  different  liquid :  gas  ratio.  It  indicates  that  upon  illumination, 
an  initial  gush  occurs,  which  lasts,  in  the  light  of  the  particular  intensity 
used,  for  about  three  minutes,  and  then  gives  place  to  a  more  or  less  steady 
rate  of  pressure  change.  In  dark,  too,  the  steady  rate  of  gas  consumption 
is  not  established  at  once;  after  rapid,  irregular  variations,  a  rather  ex¬ 
tended,  slow  decrease  in  the  rate  is  observed;  subsequent  experiments 
have  shown  that  it  takes  about  one  hour  for  the  rate  of  gas  uptake  to  be¬ 


come  quite  steady. 

The  quantum  yields  of  Warburg  and  Negelein  were  obtained  by  averag¬ 
ing  the  pressure  changes  over  ten  minute  periods,  which  included  the  time 
during  which  the  gas  hurst  could  have  occurred,  according  to  figure  29. 3A. 
Obviously,  values  of  the  quantum  yield  calculated  in  this  way  could  be  de¬ 
ceptive,  and  higher  averages  could  result  from  the  use  of  periods  shorter 
than  ten  minutes. 

By  comparing  the  curves  obtained  with  two  vessels,  Emerson  and  Lewis 
(1940,  1941)  sought  information  as  to  the  relative  role  of  oxygen  and  car¬ 
bon  dioxide  in  the  gas  burst,  and  in  the  extra  gas  consumption  in  darkness. 
They  found  (fig.  29. 3B)  that  both  were  due  to  carbon  dioxide  and  not  to 
oxygen;  the  absorption  and  liberation  of  the  latter  (solid  line  in  fig.  29. 3B) 
showed  only  minor  disturbances,  which  could  perhaps  be  attributed  to 
uncertainties  in  the  evaluation  of  the  measurements. 

The  factors  that  Warburg  and  Negelein,  Rieke  and  Emerson  and  Lewis 
have  described  previously  as  indispensable  for  the  realization  of  the  highest 
quantum  yield  were  found  by  Emerson  and  Lewis  to  affect  mainly  or  ex¬ 
clusively  the  carbon  dioxide  gush. 


The  carbon  dioxide  concentration  in  the  medium  affected  the  quantity  of  carbon  di- 
oxide  taken  up  in  the  dark,  and  therefore  also  the  amount  of  the  gas  released  in  the  light. 

is  offered  an  explanation  of  the  observation  that  large  concentrations  of  carbon  di¬ 
oxide  (such  as  5%)  were  needed  to  obtain  high  quantum  yields.  (The  light  curves  for 

'  l  7  °  «  parameter  figures  28.1  to  28.5-indicate  that  the  latter 

should  be  without  influence  at  such  low  light  intensities  ) 

28  TSi.der7°n,  appli,‘s  *»  the  "*>  of  temperature.  It  is  known  (of.  Figs 

28.6-28  8,  and  chapter  31)  that  at  low  light  intensities,  when  the  photochemical  nroeL 
proper  lumte  the  over-all  rate  of  photosynthesis,  changes  in  temperatmeTave^  noT 

i.>  t“e  StL“Lt^Zis"tu.  th°  Jark  a"d  1,8  SUbSetIUent  «~n,ent 
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he  pretreatment  of  the  algae  also  seems  to  be  much  more  important  for  the  carbon 
dioxide  gush  than  for  the  steady  rate  of  photosynthesis.  Cells  having  a  high  rate  of 
respiration  produced  a  greater  carbon  dioxide  gush  than  cells  with  a  low  rate  of 
respiration;  by  culturing  Chlorella  cells  in  dim  light  throughout,  cells  with  low  respira¬ 
tion,  showing  almost  no  gush,  could  be  obtained. 

W  hen  the  carbon  dioxide  gush  was  neutralized  by  substituting  carbon¬ 
ate  buffeis  for  carbonic  acid  solution,  Emerson  and  Lewis  obtained  quan¬ 
tum  yields  of  the  order  of  0.1,  independently  of  the  previous  illumination 
of  the  cells,  the  age  of  the  culture  and  the  kind  of  water  used  in  its  prepara¬ 
tion.  (However,  the  presence  of  certain  microelements — particularly  man- 
ganese — still  appeared  to  be  important.) 

The  conclusions  of  Emerson  and  Lewis  agree  with  the  findings  of  Daniels  and  co¬ 
workers  (1939),  who  grew  Chlorella  with  the  addition  of  soil  extracts,  of  a  nutrient  solu¬ 
tion  of  28  elements,  or  of  sea  water,  in  lake  water,  well  water  and  distilled  water,  with¬ 
out  appreciable  changes  in  the  quantum  yield. 

Emerson  and  Lewis  did  not  calculate  quantum  yields  from  measurements  of  the 
type  illustrated  by  figure  29.3B,  but  merely  drew  from  the  evaluation  of  these  experi¬ 
ments  the  conclusion  that  with  Chlorella  the  quantum  yield  of  oxygen  liberation  (and  of 
carbon  dioxide  uptake,  once  the  burst  is  completely  over)  does  not  differ  significantly 
in  acid  phosphate  buffer  and  in  alkaline  carbonate  media.  If  this  is  so,  then  the  abso¬ 
lute  determination  of  the  quantum  yield  is  better  carried  out  in  carbonate  buffer,  where 
all  effects  caused  by  carbon  dioxide  exchange  are  eliminated  and  therefore  no  need  arises 
for  the  use  of  the  two- vessel  method.  The  latter  depends  on  comparatively  small 
differences,  and  has  a  correspondingly  low  precision. 

The  quantum  yield  measurements  made  by  Emerson  and  Lewis  with  Chlorella  in 
alkaline  buffers  consistent! y  gave  values  between  }4  and  Hi  5  and  we  will  see  below 
that  Warburg,  Burk  and  co-workers  have  since  confirmed  this  result  (leaving 
Eichhoff  as  the  only  investigator  to  have  claimed  that  quantum  yields  of  the  order  of 
14  can  be  obtained  with  Chlorella  in  carbonate  buffer). 

A  set  of  manometric  quantum  yield  determinations  with  Chlorella 
pyrenoidosa  was  made  by  French  and  Rabideau  (1945)  as  a  check  on  their 
measurements  with  isolated  chloroplasts  (cf.  section  4).  Losing  carbonate 
buffer  No.  9  as  medium  they  found  in  red  light  (660-720  mp)  y  values  be¬ 
tween  0.063  and  0.113,  or  from  9-16  quanta  per  reduced  carbon  dioxide 
molecule,  with  no  significant  variations  between  1.4  and  8  kerg/cm-  sec. 

According  to  Emerson  and  Lewis,  the  true  maximum  yield  of  photo¬ 
synthesis  does  not  change  much  from  species  to  species.  This  is  indicated 
by  the  similarity  between  the  above-mentioned  results  with  Chlorella  and 
Gabrielsen’s  observations  on  the  leaves  of  the  higher  plants  (page  1118), 
and  confirmed  by  Emerson  and  Lewis’  measurements  listed  in  table  29.1. 
These  measurements  were  made  in  carbonate  buffers— after  preliminary 
tests  had  shown  that  in  none  of  the  organisms  used  was  the  yield  in  phos¬ 
phate  medium  significantly  higher  than  in  carbonate  buffer. 
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Table  29.1 

Maximum  Quantum  Yields  of  Different  Species  (after  Emerson  and  Lewis  1941 ) 

-  _  T7atcoTl200  erg/cm.2  sec.) 

(Na  light) 


Species 


Green  algae: 

Chlorella  pyrenoidosa. 

Chlorella  vulgaris . 

Chlorococcus . 

Eudorina . 

Sticchococcus  bacillaris 

Scenedesmus  D1 . 

Scenedesmus  D3 . 

Gyorffiana  humicola . . . 

Oocystis  naegeli . 

Blue-green  algae: 

Chroococcus . 

Aquatic  flowering  plant 
Wolffiella  lingulata.  .  .  . 


y 

l/y 

0.101 

9.9 

0 . 092 

10.9 

0.104 

9.0 

0 . 095 

10.5 

0.107 

9.3 

0.094 

10.6 

0.100 

10.0 

0.090 

11.0 

0.090 

10.4 

0.086 

11.0 

0.000 

16.6 

Rieke,  working  in  Franck’s  laboratory  at  Chicago,  carried  out  in  1941  a 
series  of  quantum  yield  determinations  which  were  not  published  until 
much  later  (Rieke,  1949).  He  used  relatively  dilute  and  therefore  only 
partially  absorbing  Chlorella  suspensions,  and  determined  the  absorbed 
light  energy  by  means  of  an  integrating  sphere.  Because  of  the  compara¬ 
tively  low  cell  density,  the  respiration  correction  was  relatively  small. 

In  experiments  of  this  type,  Rieke  found  quantum  yields  of  about 
0.08  for  Chlorella  (in  acid  solutions  as  well  as  in  alkaline  buffers),  and  from 
0.09  to  0. 1 1  for  Scenedesmus  (in  0.025  M  bicarbonate,  saturated  with  4% 
C02,  pH  8.4).  Somewhat  lower  yields  (7  =  0.074)  were  obtained  with 
Scenedesmus  in  the  more  alkaline  carbonate-bicarbonate  buffers.  The 
quantum  yields  (in  buffers)  were  the  same  at  10°  and  20°  C.;  they  were 
not  significantly  affected  by  variations  in  light  intensity  during  the  last 
days  of  the  culture  period  (from  “very  low”  up  to  10,000  lux),  by  doubling 
the  salt  concentration  in  solution,  by  culturing  in  4%  C02  or  in  normal  air, 
and  by  adding  a  mixture  of  micronutrients.  It  was  noted,  however,  that 
growing  the  cells  to  a  culture  density  of  over  1  ml.  wet  cells/1,  impaired 
their  photosynthetic  efficiency. 


The  quantum  yields  decreased  slightly  with  increasing  light  intensitv 
between  1100  and  4400  erg/cm.2  sec.,  e.  g.,  from  0.077  to  0.072  in  one  experi¬ 
ment  with  Scenedesmus,  and  from  an  average  of  0.084  at  1900  ere  to  an 
average  of  0.079  at  4400  erg  in  Chlorella. 

W  assink  (1940)  applied  Warburg’s  manometric  technique  to  the  meas- 

(Smair  r  P  7"thesis  ”  the  leaves  of  seTCral  horticultural  plants. 

solutions ^  allo'ved  t0  float  in  buffer 

solutions  in  a  arburg  apparatus.)  At  low  or  moderate  light  intensities. 
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in  yellow  sodium  light,  the  yields  were  approximately  independent  of  the 
initial  caibon  dioxide  concentration  (1—9%),  and  of  temperature  (17-25° 
C.).  The  light  curves  remained  fairly  straight  up  to  10  or  20  kerg/cm.2 
sec.  The  quantum  yields  were  calculated  from  the  rates  observed  at  10 
kerg/cm.2  sec.  The  resulting  y  values  are  given  in  Table  29.11.  The 
smallest  \/y  values  measured  were  of  the  order  of  11,  corresponding  to 
7  <  0.09. 


Table  29. II 

Quantum  \ields  of  Oxygen  Production  by  Horticultural  Plants0 

(after  Wassink  1946) 


Plant 

1/7 

Number  of 
measurements 

Strawberry . 

12.1-17.8 

23 

Kohlrabi . 

13.5-15.4 

5 

Chinese  cabbage . 

10.8-14.7 

8 

White  succory . 

13.6-16.8 

4 

Tomato . 

16.0-43.5 

17 

Cucumber . 

13.8-24.6 

5 

Endive . 

21.8 

2 

Asparagus . 

14.6-18.2 

4 

“  At  10  kerg/cm.2  sec. 


The  significance  of  the  variations  of  the  quantum  yield  of  Chlorella 
with  wave  length  will  be  discussed  in  chapter  30,  primarily  from  the  point 
of  view  of  the  function  of  carotenoids  in  photosynthesis.  Most  experi¬ 
ments  on  the  quantum  yield  of  photosynthesis  of  “colored”  algae  (brown, 
red  or  blue-green)  were  carried  out  with  a  similar  aim  in  mind  elucidation 
of  the  role  of  phycobilins  and  carotenoids.  As  far  as  the  absolute  value 
of  the  maximum  quantum  yield  is  concerned,  there  seems  to  be  no  funda¬ 
mental  difference  between  these  algae  and  the  green  plants,  as  is  shown  by 


the  following  observations : 

Emerson  and  Lewis  (1941,  1942)  measured  manometrically  the  quan¬ 
tum  yield  of  photosynthesis  by  the  blue-green  unicellular  alga  Chroococcus, 
and  found  a  maximum  y  value  of  about  0.08  in  red  light.  Working  with  a 
suspension  of  diatoms  (Nitzschia  closterium),  Dutton  and  Manning  (1941) 
found  an  average  quantum  yield  of  0.063,  with  single  y  values  up  to  0.1. 
Wassink  and  Kersten  (1944)  used  another  diatom,  Nitzschia  dissipata,  and 
calculated  the  quantum  yields  from  manometric  measurements,  with  il¬ 
lumination  periods  of  30-60  min.,  in  sodium  light  of  about  10  kerg/cm.  sec. 
(The  light  curves  obtained  by  these  authors  showed  only  small  deviations 
from  linearity  at  these  comparatively  high  intensities;  cf.  fig.  28.o  . 
From  one  third  to  one  half  of  the  incident  light  was  absorbed  in  the  vessel. 
In  five  experiments  at  25°  C.,  and  one  at  6°  C.,  l/7  values  from  11.4  to 
13.9  were  obtained,  with  an  average  of  12.9,  or  7  -  °-078>  and  7l,iax- 
0.09. 
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Tanada  (1951)  made  a  systematic  study  of  the  quantum  yield  of  the  di¬ 
atom  Navicula  minima  in  dependence  on  wave  length.  This  work  will  be 
described  in  chapter  30  (p.  1173);  what  is  significant  for  the  purpose  of  the 
present  discussion  is  that  the  maximum  yield  obtained  in  carbonate  buffer 
No.  9  was  to  =  0.11(0.05),  corresponding  to  a  quantum  requirement  ol 
l/7n  =  9;  and  that  the  yield  in  acid  phosphate  buffer  appeared  to  be, 
at  all  light  intensities,  5-10%  lower  (and  not  10-20%  higher,  as  in  Chlorella ) 
than  that  in  alkaline  carbonate  buffer.  In  this  case,  Warburg’s  attribution 
of  a  quantum  requirement  of  —  10  to  a  “nonphysiological”  pi  I  does  not 
seem  plausible. 

Similarly  to  Kok  (p.  1113),  Tanada  found  the  quantum  yield  to  depend 
on  the  age  of  the  culture.  Both  the  quantum  yield  in  weak  light  and  the 
maximum  rate  in  strong  light  dropped  sharply  from  their  original  values 
(7o  =  0.115,  /J"‘ax  =  3.0mm3O2/mm3  cells  hr),  between  the  sixth  and  the 
eighth  day  of  cultivation  (70  =  0.07;  P',iax  =  1.0  on  the  eighth  day);  the 
decline  continued  steadily  but  more  slowly  for  the  next  12  days  until,  on 
the  20th  day,  70  was  down  to  0.06  and  Pniax  was  down  to  0.75. 

We  thus  see  that  a  whole  series  of  manometric  determinations  of  the 
maximum  quantum  yield,  applied  to  green  higher  plants,  green  algae, 
blue-green  algae  and  diatoms,  and  made  in  acid  solutions  as  well  as  in  car¬ 
bonate  buffers,  gave  7max.  values  of  0.1  ±  0.02.  With  the  exception  of 
Emerson  and  Lewis’  measurements,  which  have  revealed  the  carbon  di¬ 
oxide  burst,  they  were  all  carried  out  under  conditions  when  the  burst, 
if  it  did  occur  at  all,  was  either  absorbed  by  the  medium  or  minimized  by 
the  averaging  of  results  over  an  extended  period  of  time.  Many  of  the 
experiments  were  performed  in  somewhat  stronger  light  (up  to  ten  times 
that  used  by  Warburg),  and  this,  too,  is  likely  to  minimize  the  effects  of 
the  burst.  The  experiments  of  Emerson  and  Lewis,  and  of  Rieke,  carried 
out  under  exact  adherence  to  the  Warburg-Negelein  procedure,  showed 
that  Warburg’s  results  can  be  duplicated,  if  the  carbon  dioxide  burst  is 
treated  as  part  of  normal  gas  liberation  by  photosynthesis. 

We  now  turn  to  the  other  side  in  the  controversy — investigations  in 
which  Warburg  and  Negelein’s  results  were  confirmed  under  conditions 

which  did  not  seem  to  admit  of  the  interpretation  suggested  by  Emerson 
and  I^ewis. 

First,  we  have  to  mention  the  investigation  by  Eichhoff  (1939)  carried 
out  in  Noddack  s  laboratory.  Eichhoff  suspended  Chlorella  cells  in  car- 
innate-bicarbonate  buffers  and  measured  the  quantum  yield  after  a  prelimi- 
nai>  illumination  for  15  or  30  min.  (obviously  these  two  precautions  should 
ave  prevented  the  carbon  dioxide  burst  from  affecting  the  results).  Eich- 
°d  her  mth  a  “dense”  suspension  of  Chlorella  pyrenoidosa, 
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absorbing  07%  of  red  light  (a  band  10  m ju  wide  at  650  m/x,  isolated  by  a 
Christiansen  dispersion  filter)  and  39%  of  green  light  (567.5  mM),  or  with  a 
‘tliin  suspension  absorbing  22%  of  red  light;  the  absorption  was  deter¬ 
mined  by  means  of  the  “ellipsoid  photometer”  (cf.  chapter  25,  page  844). 
Each  run  included  (a)  a  “dark  adaptation”  period,  (6)  a  period  in  which 
respiration  was  measured,  (c)  a  “light  adaptation”  period,  ( d )  an  illumina¬ 
tion  period,  (e)  a  second  “dark  adaptation”  period  and  (/)  a  final  period  of 
respiration  measurement — each  period  lasting  from  15  to  30  min.  The 
illumination  intensity  was  high  enough  for  photosynthesis  to  exceed  respi¬ 
ration  (from  500  to  5000  erg/cm.2  sec.).  The  quantum  yields  obtained 
varied  between  0.25  and  0.19,  for  both  dense  and  thin  suspension,  with  the 
lower  value  (0.19  to  0.22)  observed  only  at  the  higher  light  intensities  and 
interpreted  as  indications  of  an  incipient  light  saturation.  Similar  y 
values  were  found  at  567.5  m^.  The  quantum  yield  was  found  to  be  con¬ 
stant  over  a  wide  spectral  region,  including  the  near  infrared  (where  other 
observers  found  no  photosynthesis  at  all;  cf.  chapter  30,  page  1155). 

According  to  a  review  by  Franck  and  Gaffron  (1941),  Emerson  and 
Lewis,  as  well  as  Rieke,  have  tried  to  imitate  Eichhoff’s  experiments  (par¬ 
ticularly  with  respect  to  the  method  of  cultivation  of  the  algae),  but  were 
unable  to  obtain  the  high  yields  claimed  by  him. 


One  peculiar  feature  of  Eichhoff’s  light  curves  (cf.  fig.  30.7)  is  the  early  saturation 
in  red  light.  70%  of  maximum  photosynthesis  is  reached,  according  to  these  curves, 
with  an  incident  intensity  of  only  3  kerg/cm.2  sec.  Eichhoff’s  figures  suggest  that  as 
little  as  5  “energetic  meter  candles”  of  red  light  (he  calls  a  monochromatic  energy  flux 
equal  to  the  total  “white”  flux  from  a  Heffner  candle  an  “energetic  meter  candle”)  are 
equivalent,  as  far  as  photosynthesis  is  concerned,  to  15  klux  of  white  light  from  a  500 
watt  incandescent  lamp!  The  latter,  according  to  page  838,  corresponds  to  a  flux  of  at 
least  60  kerg/cm.2  sec.,  counting  only  the  photosynthetically  active  region  (400-700  mM), 
while  5  “energetic  meter  candles”  are  equivalent  (using  Gerlach’s  value  for  the  radiation 
of  a  Heffner  candle)  to  only  4.7  kerg/cm.2  sec.  Even  though  the  suspension  may  absorb 
red  light  three  or  four  times  more  efficiently  than  the  (infrared-free)  white  light,  the  dif¬ 
ference  between  the  amounts  of  red  light  and  white  light  required  to  bring  about  the 
same  rate  of  photosynthesis  remains  striking.  It  suggests  that  the  absolute  intensi  y 
of  the  red  light  might  have  been  underestimated  by  Eichhoff  by  as  much  as  a  factor  o 
three  or  five  If  this  was  the  case,  all  quantum  yields  calculated  by  Eichhoff  must  have 
been  in  error  by  the  same  factor  (since  no  quantum  yield  determinations  were  made  in 

white  light). 

More  recently,  Warburg  (1946,  1948)  undertook,  with  Kubowitz,  to 
repeat  the  original  experiments  of  Warburg  and  Negelem,  taking  into  con¬ 
sideration  Emerson’s  criticism.  Warburg  calculated  that,  in  order  to  ac 
count  for  his  1923  results  in  the  way  suggested  by  Emerson,  the  aveiag^ 
photosynthetic  quotient  during  the  10  min.  exposure  must  have  teen  Qe  " 
AO,/-  ACOs  =  -0.26.  (In  other  words,  four  volumes  of  carbon  dioxide 
must  have  been  produced  in  light  for  each  volume  of  oxygen  liberated.) 


QUANTUM  YIELD  MEASUREMENTS  BY  THE 


MANOMETRIC  METHOD  1099 


Fig.  29.4  Quantum  yield  measurements  with  Chlorella  (after  Warburg  1948) 
Yellow  light  10  C.  Shaded  areas  represent  “induction  losses”  attributed  to 
sluggishness  of  manometer.  (Curve  ,1  shows  a  slight  excess  instead  of  deficiency  of 
gas  evolution  at  the  beginning  of  illumination.)  Quantum  vield  is  determined 
from  difference  between  slope  in  light  (AB  or  CD,  depending  on  the  method  of 
calculation )  and  slope  in  darkness. 
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The  value  used  by  Warburg  and  Negelein,  QP  =  +1.09,  was  determined 
by  gas  analysis,  in  much  stronger  light  than  was  used  for  quantum  yield 
determinations.  Warburg  now  redetermined  the  QP  value  in  less  intense 
light,  manometrically,  by  means  of  two  sets  of  measurements  in  one  vessel 
filled  with  two  different  volumes  of  liquid  (5  and  8  ml.).  He  found  a  QP 
value  of  +1.07,  practically  identical  with  the  quotient  used  by  Warburg 
and  Negelein. 

Furthermore,  Warburg  and  Kubowitz  could  find  no  evidence  of  a  "gas 
burst”  in  the  first  few  minutes  of  illumination,  except  for  a  comparatively 
small  effect,  observed  at  the  higher  light  intensities,  especially  when  foam¬ 
ing  occurred  in  the  reaction  vessel  (c/.  fig.  29. 4A). 

With  the  belief  in  the  validity  of  the  original  experimental  procedure 
thus  strengthened,  Warburg  and  Kubowitz  proceeded  to  make  new  de¬ 
terminations  of  the  quantum  yield  by  the  one-vessel  method.  The  vessel 
was  not  silvered  to  better  observe  bubble  formation  (which  Warburg  con¬ 
sidered  the  most  serious  source  of  error) ;  readings  were  made  without  inter¬ 
ruption  of  shaking.  The  light  used  was  mostly  the  yellow  mercury  lines 
(578  m m)  with  an  intensity  of  325-2920  erg/cm.2  sec. 

To  minimize  effects  caused  by  sluggish  gas  exchange,  a  smaller  fluid 
volume  was  used  than  in  1923  and  two  glass  beads  were  put  into  each  vessel 
to  act  as  stirrers.  Curves  such  as  those  in  figure  29.4B  and  C  were  con¬ 
sidered  by  Warburg  as  confirmation  of  the  interpretation  of  pressure  dis¬ 
turbances  at  the  beginning  of  the  light  and  dark  periods,  as  consequences 
of  this  sluggishness.  He  described  these  disturbances  as  symmetric, 
meaning  that  the  two  disturbances  cancelled  each  other  and  the  y  values 
therefore  were  the  same,  whether  they  were  determined  from  the  steady 
rates,  omitting  the  measurements  in  the  first  few  minutes  of  light  (i.  e., 
from  slope  AB ),  or  by  interpolation,  as  in  figure  29.1  (i.  e.,  from  slope  CD). 
This  procedure  is  equivalent  to  integration  of  the  gas  exchange  over  the 
whole  period  of  the  experiment,  including  the  two  transition  intervals. 

This  obviously  does  not  apply  to  the  curve  in  figure  29.4A,  where  the  pressure  in¬ 
crease  in  the  first  minute  is  faster  than  afterward.  Calculation  from  the  steady 
state  (slope  AB)  gives  in  t  his  case  a  l/y  value  25%  higher  than  that  obtained  by  inte¬ 
gration  (slope  CD). 

Table  29.111  summarizes  the  results.  Warburg  concluded  from  these 
experiments  that  the  limiting  quantum  yield  in  weak  light  is  0.2o  and  that 
it  declines  to  about  0.20  at  1500  erg/cm.J  sec.  He  suggested,  as  general 
explanation  of  the  smaller  values  found  by  other  observers  fa, lure  to  cul¬ 
ture  algae  of  the  highest  efficiency;  but  his  description  of  the  methods  of 
culture  revealed  no  significant  difference  from  those  used  by  hmerson 

llieke. 
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Table  29. Ill 


Quantum  Yields  after  Warburg  (1946,  1948)° 


X,  m/i 

i 

10  ~6  einstein 

min.  17  cm. 2 

erg/cm2,  sec. 

1/ 7,  quanta 
per  molecule  Oj 

y,  molecules 
O2  per 
quanta 

See  figure 

578 

0.158 

324 

3. 96 6;  3.60 c 

0.25 

29. 4D 

578 

0. 161 

330 

4. 35 6 

0.23 

578 

0.177 

363 

4. 50 6 

0.22 

578 

0 . 196 

403 

3.60fc 

0.28 

436 

0.201 

— 

(5.0) 

(0.20) 

29 . 4C 

578 

0.330 

677 

4.56;  4.6C 

0.22 

436 

0.390 

— 

(6.0) 

(0.17) 

578 

0.400 

824 

4.25 

0.24 

578 

0.750 

1540 

5.03 6;  4. 79  c 

0.20 

29. 4B 

578 

1.42 

2920 

5.56fr; 4.45c 

0.18 

29 . 4A 

°  Chlorella  suspension,  10°  C.,  complete  absorption.  450  mm.3  cells  in  5  or  8  ml. 
liquid;  bottom  area  17  cm.2  The  two  values  in  parentheses  probably  are  affected  by 
the  light  absorption  by  carotenoids. 

6  From  the  steady  state. 
c  By  integration. 


In  discussing  Warburg’s  results,  Emerson  and  his  co-workers  (1949, 
1950)  pointed  out  that  the  pressure  changes  in  the  first  minutes  of  illumi¬ 
nation  are  affected  by  two  factors:  the  sluggishness  of  the  manometer  (em¬ 
phasized  by  W  arburg)  and  the  carbon  dioxide  burst.  In  very  weak  light, 
the  burst  may  be  spread  almost  uniformly  over  a  10-15  min.  illumination 
period,  and  the  sluggish  transition  is  then  clearly  revealed  by  the  initial 
measurements,  as  in  fig  29.4B  and  C.  In  stronger  light,  the  burst  is  much 
more  sudden,  and  its  rapid  decay  overcompensates  the  effect  of  sluggish 
gas  exchange,  leading  to  curves  such  as  that  in  figure  29.4A.  The  spread 
of  the  burst  in  low  light  over  the  whole  illumination  period,  accentuated  by 
t  he  sluggishness  of  the  manometer,  may  answer  one  of  Warburg’s  objec¬ 
tions— the  absence  of  a  visible  pressure  burst  on  the  low  light  curves  (figs 
29.4B-D).  ' 

W  arburg  s  other  (and  main)  objection  against  Emerson’s  criticism  Avas 
t  at  a  check  “under  the  conditions  of  the  quantum  yields  measurements” 
confirmed  the  validity  of  the  QP  value  of  approximately  + 1 ,  and  that  an 
extreme  deviation  of  QP  from  unity  would  have  been  needed  to  calculate 
trom  Warburg  s  experimental  data  (obtained  with  the  one-vessel  method) 
a  quantum  yield  of  about  0.1  for  the  liberation  of  oxygen  in  light  To 
Bus  Emerson  and  co-workers  answered  that  Warburg’s  determination  of 
Q,  "  as  based  on  subtraction  of  the  rate  of  pressure  change  in  darkness  from 

effect”,6  ,,rST  ge  “  light  (‘hiS  difference  Was  called  »he  “hght 
effect  )  Fiom  the  comparison  of  “light  effects”  in  experiments  with 

,'o6/eAnt  !mf°UnttS  °f  hqmd  in  the  same  vessel,  Warburg  derived  the  ratio 

!/  2  f0r  lhe  hght  effect’  and  findi»g  it  close  to  1,  concluded  that  no 
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significant  carbon  dioxide  burst  could  have  occurred  during  the  illumina¬ 
tion  period.  However,  this  procedure  would  only  be  permissible  if  the  gas 
exchange  in  light  were  the  result  of  the  superposition  of  a  photochemical 
process  (photosynthesis,  with  possible  addition  of  a  carbon  dioxide  burst) 
upon  a  dark  process  whose  rate  is  the  same  in  darkness  and  in  light.  This  is 
usually  assumed  to  be  true  of  respiration  (although  some  doubts  exist  even 
here) ;  but  it  is  not  true  of  the  reabsorption  of  the  carbon  dioxide  burst  (since 
this  process  occurs  only  in  the  dark) .  By  neglecting  this  component  of  the 
gas  exchange  in  the  dark  after  a  period  of  illumination,  one  automatically 
eliminates  from  the  calculated  “light  effect”  a  part,  if  not  practically  all, 
of  the  carbon  dioxide  burst — in  the  same  way  in  which  the  effects  of  the 
sluggishness  of  the  manometer  are  eliminated  in  the  procedure  illustrated 
by  figure  29.1;  no  wonder  that  the  ratios  QP  for  the  calculated  “light 
effect”  prove  to  be  close  to  unity.  (Whether  the  elimination  of  the  burst  is 
practically  complete  or  only  partial,  depends  on  what  fraction  of  the  burst 
is  reabsorbed  during  the  dark  period  utilized  in  the  calculation  of  the  “light 
effect.”) 

To  decide  whether  a  significant  carbon  dioxide  burst  does  occur  in  light 
(and  is  reabsorbed  in  darkness),  the  ratios  AO/  AC02  should  be  calculated 
for  the  illumination  and  the  dark  period  separately  instead  of  calculating 
them  directly  for  the  “light  effect.”  The  ratios  Qdark  and  Ought  might 
each  be  quite  different  from  1— and  yet,  the  ratio  “ QP ”  for  the  “light 
effect”  might  show  no  significant  deviation  from  unity.  Thus,  the  method 
of  calculating  QP  used  by  Warburg  (1948)  to  prove  the  absence  (oi  at  least, 
practical  insignificance)  of  the  carbon  dioxide  burst  is  inappropriate  foi  this 
purpose — even  if  the  experimental  data  used  had  been  adequate. 

Emerson  and  co-workers  argued,  however,  that  the  experiment  itself 
was  open  to  criticism.  They  pointed  out  that  the  value  QP  =  1.07  was 
derived  from  measurements  lasting  for  about  40  minutes.  The  plot  gi\en 
by  Warburg  shows  that  if  only  the  first  10  minutes  of  these  measurements, 
i  e  the  period  of  quantum  yield  measurements,  were  taken  into  considera¬ 
tion  much  smaller  values  of  QP  would  have  been  obtained.  Furthermore, 
the  QP  measurements  were  made  in  light  of  3780  erg/cm.2  sec.  (ten  times  as 
strong  as  that  at  which  quantum  yields  close  to  0.25  were  obtained)  an 
in  red  light,  v^hile  the  y  measurements  were  made  in  yellow  light,  which  is 

considerably  less  strongly  absorbed.  . 

The  conditions  of  QP  measurement  differed  from  those  of  y  measuie- 

ment  also  in  temperature  (20°  C.  instead  of  10°  C.),  carbon  dioxide  con- 
centration  (8%  CO,  in  O,  as  compared  with  5%  CO,  in  air)  andvoiumeo 
respiration  (twice  as  high  in  quantum  yield  measurements  as  in  Q,  meas 
urements,  indicating  different  culture  conditions).  It  was  mentioned  >e  ■- 
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that  the  volume  of  the  carbon  dioxide  burst  depends  on  all  these  conditions, 
the  statement  that  the  QP  measurements  were  made  “under  the  conditions 
of  quantum  yield  determinations”  was  therefore  not  justified. 

Rabinowitch  (1947)  pointed  out  that  experiments  show  the  integrated 
volume  of  the  “burst”  to  change  only  little  with  light  intensity,  the  main 


effect  of  the  latter  being  on  the  suddenness  of  the  burst.  This  relation  is 
to  be  expected  for  photochemical  emptying,  with  a  high  quantum  yield 
(perhaps  as  high  as  7  =  1)  of  a  “carbon  dioxide  reservoir,”  containing  a 
finite  volume  of  carbon  dioxide  (the  exact  volume  being  dependent  on  con¬ 
ditions  that  prevailed  prior  to  illumination).  If  the  volume  of  the  reservoir 
corresponds  to  about  one  molecule  carbon  dioxide  per  molecule  chlorophyll, 
the  time  required  for  complete  emptying  must  be  of  the  order  of  the  time 
required  for  each  chlorophyll  molecule  in  the  suspension  to  absorb  a  quan¬ 
tum  of  light;  in  the  dense  suspensions  and  in  the  low  light  used  for  the 
quantum  yield  determinations,  this  time  is  of  the  order  of  ten  minutes  (c/. 
chap.  32) ;  this  is  then  the  expected  duration  of  the  burst.  In  stronger 
light,  the  burst  will  be  proportionally  shorter. 

If  the  volume  of  the  burst  increases  only  little  or  not  at  all  with  light 
intensity,  its  importance  at  3780  erg/cm.2  sec.  would  be  much  smaller 
than  at  320  erg./cm.2  sec.  (where  the  value  7  =  0.25  was  found). 

Emerson  and  Nishimura  (1949)  criticized  also  other  experimental 
aspects  of  Warburg’s  work.  They  pointed  out  that  the  use  of  equal  liquid 
volumes  and  different  gas  volumes  in  the  two-vessel  method  (Emerson  and 
Lev  is,  cf.  fig.  25. 3B)  assured  better  comparability  of  the  gas  exchange  than 
Warburg’s  use  of  a  single  vessel  filled  with  different  amounts  of  liquid  (since 
the  efficiency  of  gas  exchange  between  the  two  phases  depends  on  the 
volume  of  the  liquid).  Objection  was  raised  also  to  Warburg’s  time 
schedule,  which  involved  consecutive  runs  first  with  the  more  concentrated 
and  then  with  the  more  dilute  suspension.  Because  of  continuous  change 
in  the  rate  of  respiration  of  cell  suspensions,  only  simultaneous  exposure 
and  darkening  of  two  aliquots  of  the  same  cell  material  could  vouchsafe  the 
required  high  degree  of  their  physiological  comparability.  Emerson  and 
Lewis  themselves  did  not  quite  meet  this  requirement:  they,  too,  worked 
rst  with  one,  and  then  with  the  other  vessel,  but  in  contrast  to  Warburg 
they  used  a  fresh  aliquot  of  the  stock  suspension  for  each  experiment  (con¬ 
sidering  this  a  less  objectionable  compromise  than  the  use  of  a  single  sample) 
nrst  for  a  series  of  measurements  in  a  smaller  volume  of  liquid  and,  after 
ffution  for  a  second  series  of  measurements  in  a  larger  volume. 

dlsc^sslon  of  these  apparently  minor  details  points  to  the  great 

r"  thf CUlty  °Vhe  (lhe°rfCally  S°  two-vessel ^metlmd^tt 

rests  on  the  assumption  that  the  observed  difference  between  the  two 
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pressure  changes  is  due  entirely  to  different  relative  volumes  of  liquid 
and  gas.  Even  a  very  small  difference  in  the  actual  amounts  of  gas  pro¬ 
duced  (or  consumed)  in  the  two  vessels,  or  in  the  speed  with  which  this  gas 
is  transferred  into  the  manometer,  can  lead  to  large  errors  in  calculation. 

Several  reasons  for  such  variations  can  be  anticipated.  Small  physio¬ 
logical  differences  may  exist  between  samples  taken  at  different  times  from 
the  same  stock  solution  or  may  arise  in  the  course  of  the  experiment. 
Considerable  discrepancies  of  light  absorption  can  be  caused  by  different 
position  of  the  two  vessels  in  the  light  beam  or  by  differences  in  their 
shape  and  wall  material.  Shaking  thins  out  the  liquid  layer  in  the  middle 
of  the  vessel,  and  the  consequent  incompleteness  of  absorption  depends  on 
the  total  amount  of  the  liquid  present  and  on  the  shape  of  the  vessel. 

In  1948-1949,  an  unsuccessful  attempt  was  made  to  settle  the  quantum 
yield  controversy  by  a  combined  effort  of  Warburg  and  Emerson  in  the 
latter’s  laboratory.  Subsequently,  in  the  summer  of  1949,  Warburg,  Burk 
and  co-workers  (19491-2,  19501'2)  carried  out  quantum  yield  measurements 
by  the  two  vessel  method  (this  time  with  equal  liquid  volumes)  at  the  Na¬ 
tional  Cancer  Institute  in  Bethesda  and  at  the  Woods  Hole  Marine  Bio¬ 
logical  Laboratory.  In  these  experiments,  single  yields  as  high  as  1/ 70  = 
O.44  (To  =  2.3)  were  observed;  even  the  average  yield  was  markedly  above 
0.25.  The  conditions  under  which  these  high  yields  have  been  obtained 
were  quite  different  from  and,  in  some  respects,  opposite  to  those  which  had 
been  recommended  by  Warburg  and  Negelein  in  1923, 

Cell  Culture.  The  reduction  of  light  intensity  in  the  last  day  of  culti¬ 
vation,  recommended  by  Warburg  and  Negelein  to  adapt  Chlorella  cells 
to  weak  light,  was  discarded  by  Warburg  and  Burk.  Another  precaution, 
called  unimportant  by  Warburg  and  Negelein,  was  now  found  to  be  es¬ 
sential:  fast  bubbling  of  the  carbon  dioxide-bearing  gas  through  the 
culture  bottle,  preventing  the  cells  from  settling  out,  and  thus  asbining 
adequate  supply  of  oxygen  and  carbon  dioxide  to  all  of  them. 

Very  concentrated  suspensions  were  used:  0.3  cc.  cells  in  7  cc.  culture 
medium  (phosphate  buffer,  pH  4.9,  saturated  with  5%  CO^in  air).  (In 
1948  Warburg  used  only  0. 1  cc.  cells  in  5  or  9  cc.  solution.)  This  v  as  done 
to  ensure  complete  light  absorption,  despite  an  increased  rate  of  shaking, 
which  created  a  more  pronounced  “hole”  in  the  center  of  the  reaction  vessel, 
but  the  respiration  correction-the  main  source  of  uncertainty  in  measure¬ 
ments  of  this  type  was  thus  made  even  larger  than  before. 

Response  of  the  Manometer.  Compared  to  the  1923  experiment  , 
the  efficiency  of  shaking  was  increased  (horizontal,  back-and-for tl 
of  ^rectangular  vesselwith  an  amplitude  of  2  cm 

It  was  asserted  that  stirring  was  thus  made  so  effective  tha i ‘h *  was 

of  the  manometer  to  gas  products  (or  absorption)  in  the  liquid 


QUANTUM  YIELD 


MEASUREMENTS  BY  THE  MANOMETRIC  METHOD  1105 


practically  instantaneous.  No  correction  (of  the  type  illustrated  in  fig. 
29.1)  was  therefore  used  to  account  for  diffusion  through  the  liquid  and 
the  exchange  between  the  two  phases.  Instead,  the  yields  Mere  uom  cal 
culated  from  manometer  readings  made  at  the  very  moment  of  changing 
from  darkness  to  light,  or  from  light  to  darkness,  Eiiois  caused  by 
“physical lag’’  had  been  considered  oi  prime  importance  in  1923  and  1948, 
in  some  examples  given  in  these  earlier  papers  the  calculated  quantum 
yields  would  have  been  quite  different  without  correction  for  this  lag. 

Time  Schedule.  The  two  vessels  were  filled  simultaneously  with  ali¬ 
quots  of  the  same  culture,  and  exposed  alternatively  to  the  same  beam 
of  light  ( e.g .,  10  min.  light  on  vessel  I,  then  10  min.  light  on  vessel  II, 
then  again  10  min.  light  on  vessel  I,  and  so  on).  Both  vessels  (total 
volumes  14  and  18  cc.,  respectively)  contained  the  same  amount  of  liquid 
(7  cc.).  It  was  argued  that  whatever  physiological  differences  may  have 
existed  between  the  cells  in  the  two  vessels  during  the  first  exposure 
(because  of  a  “phase  difference”  of  10  min.),  must  have  disappeared  after 
several  light-dark  cycles.  This  is  plausible;  however,  Emerson  and  co¬ 
workers  found  that  at  least  five  or  six  (10  min.  light  +  10  min.  dark) 
cycles  may  be  needed  to  eliminate  the  initial  difference,  while  in  many  of 
Warburg  and  Burk’s  published  experiments  ( cf .  table  29. IV)  only  2  or  3 
cycles  were  used.  The  alternate  exposure  schedule  was  altogether  aban¬ 
doned  in  almost  one  half  of  all  experiments — namely  those  in  which 
“background”  illumination  was  used  to  compensate  respiration. 

Light  Measurement.  No  physical  determination  of  light  intensity 
Mas  made  by  Warburg  and  Burk.  (Bolometers  had  been  used  in  earlier 
experiments,  both  by  AVarburg  and  by  Emerson.)  Instead,  light  intensity 
Mas  determined  by  means  of  the  ethyl  chlorophyllide  —  thiourea  actinom- 
eter,  for  which  a  quantum  yield  of  1.0  was  previously  found  (bolo- 
metrically)  by  Warburg  and  Schocken  in  Emerson’s  laboratory  (cf. 
chap.  35).  The  quantum  yield  of  the  actinometer  is  known  to  decline 
with  increasing  light  flux,  particularly  >  0. 1  /xeinstein/min.  Many  runs  of 
Warburg  and  Burk  were  carried  out  in  stronger  light;  the  intensity  of 


eter. 


>  id  awui  \i.i  AimnsLein/min. 

Mras  directed  on  the  actinom- 
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a  sharp  beam  was  now  thrown  on  the  bottom  of  the  vessel  (cross  section 
of  the  beam,  about  3  cm.2;  bottom  area,  8.3  cm.2).  The  total  light  flux 
(red  light,  630-650  my)  was  0.2-0.6  jueinstein/min.,  i.e.  0.07-0.2  ^einstein 
per  cm.2  min.  ca.  ten  times  higher  than  the  intensity  at  which  quantum 
yields  of  0.25  had  been  obtained  in  1948.  Because  of  the  extremely  high 
density  of  the  suspension,  practically  all  this  light  was  absorbed  within  a 
1  mm.  thick  bottom  layer  (0.3  cc.)  of  the  suspension;  thus,  at  any  given 
time,  >95%  of  the  cells  were  in  darkness,  while  <5%  were  exposed  to 
light,  the  incident  intensity  of  which  was  close  to  the  saturating  value 
(the  photosynthesis  of  light-adapted  Chlorella  is  saturated,  in  red  light, 
in  a  flux  of  about  0.5  jueinstein/cm.2  min.). 

Intermittency  Effect.  The  finding  of  the  highest  quantum  yields 
ever  observed  when  the  incident  light  was  of  almost  saturating  intensity 
appears  startling.  Warburg,  Burk  and  co-workers  explained  this  paradox 
by  the  intermittency  of  illumination :  because  of  fast  shaking,  individual 
cells  remain  only  for  a  very  short  while  in  the  illuminated  zone,  and  then 
plunge  into  darkness.  (Assuming  uniform  stirring,  each  cell  must  spend 
>95%  of  the  total  “  illumination  time”  in  darkness,  and  less  than  5%  in 
light).  Warburg  and  Burk  proclaimed  as  a  “new  principle”  that  this 
type  of  intermittency  of  illumination  permits  maximum  light  utilization. 
This  assertion  is  not  easily  reconciled  with  the  results  of  experiments  in 
flashing  light,  to  be  discussed  in  chapter  34: 

According  to  these  experiments,  intermittent  illumination  cannot  in¬ 
crease  light  utilization  above  the  maximum  value  possible  in  steady  low 
light.  All  that  intermittency  can  do  is  to  bring  the  quantum  yield  in  parti¬ 
ally  or  even  completely  saturating  light  close  to — but  never  quite  up  to 

the  quantum  yield  in  low  steady  light. 

For  the  quantum  yield  increase  caused  by  intermittency  to  be  at  all 
significant,  the  light  periods  must  not  be  longer  than  the  “Emerson- Arnold 
period”  (0.01  sec.  at  20°  C.,  cf.  chapter  34),  allowing  the  limiting  catalyst  to 
work  in  the  dark,  after  the  flash  is  over,  for  a  period  of  time  which  is  sig¬ 
nificant  compared  to  the  duration  of  the  flash  itself.  It  is  doubtful,  however , 
whether  shaking  at  the  rate  of  2.5  swings  per  second  could  lead  to  illumina¬ 


tion  flashes  of  0.01  sec.,  or  shorter. 

Certainly,  the  “dark  periods”  in  Warburg  and  Burk  s  experiments 
must  have  been  »0.01  sec.;  therefore,  the  assumption  of  Warburg  and 
Burk  that  under  the  conditions  of  their  experiments  all  cells  are  engaged 
uniformly  in  photosynthesis  throughout  the  “illumination  period  requires 
revision  of  the  major  conclusions  derived  from  experiments  in  flashing  ig  • 
However,  this  assumption  is  not  necessary  for  the  validity  ot  their  argum 
(while  the  duration  of  the  light  period,  mentioned  in  the  preceding  par  - 
graph,  is  of  crucial  importance). 
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Background  Light.  Because  only  5%  of  all  cells  were  illuminated  at 
any  given  moment,  even  the  very  high  incident  intensity  of  the  red  light 
used  in  the  Warburg-Burk  measurements  did  not  prevent  the  respiration 
correction  from  being  equal  to  or  larger  than  the  photochemical  gas  ex¬ 
change.  It  has  been  suggested  (this  hypothesis  will  be  discussed  later  in 
this  chapter),  that  the  effect  of  light  below  the  compensation  point  could 
consist  in  reversing  respiration  midway  (and  not  after  it  has  led  to  the 
ultimate  products,  CO2  and  H20).  To  check  this  hypothesis,  Warburg, 
Burk  and  co-workers  made  experiments  in  which  the  net  gas  exchange  in 
light  was  made  positive  by  substituting  for  dark  periods,  periods  of  dif¬ 
fuse  illumination  of  the  reaction  vessels  by  white  “background  light”  of 
such  intensity  that  photosynthesis  equalled  or  exceeded  respiration. 
This  background  illumination  was  maintained  also  during  the  “light” 
period  (when  a  measured  beam  of  red  light  was  added  to  it),  so  that  the 
“light  effect,”  from  which  the  quantum  yield  was  calculated,  was  the 
increment  of  gas  exchange  caused  by  an  increment  of  illumination.  War¬ 
burg  and  Burk  argued  that  the  quantum  yields  obtained  in  this  way  must 
be  those  of  true  photosynthesis,  with  the  storage  of  112  kcal.  chemical 
energy  per  mole  of  liberated  oxygen,  and  could  not  be  those  of  a  partial 
reversal  of  respiration  (with  an  unknown,  and  possibly  small,  conversion 
of  light  energy  into  chemical  energy),  since  this  reversal,  if  at  all  possible, 
should  be  accomplished  already  by  the  background  illumination. 

It  will  be  noted  that  this  argument  is  tied  up  with  the  assumption  of 
uniform  photosvnthetic  activity  of  all  cells— those  that  are  momentarily 
illuminated  by  the  flash  as  well  as  those  that  are  momentarily  in  darkness. 
If  only  the  actually  illuminated  cells  (or  cells  <0.01  sec.  out  of  the  illumina¬ 
tion  zone)  can  contribute  significantly  to  photosynthesis,  then  only  the 
pait  of  the  background  light  that  falls  on  these  particular  cells  is  of  im¬ 
portance.  1  his  part  is  insignificant  if  the  background  light  falls  from  above 
and  is  absorbed  in  the  top  layer  of  the  suspension — while  measured  red  light 
enters  the  vessel  from  below  and  is  absorbed  in  a  thin  bottom  layer  of  the 
suspension.  Warburg  and  Burk  (1950)  described  a  single  experiment  in 
which  the  background  light,  similarly  to  the  measured  light,  was  thrown 
on  the  vessel  from  below.  This  light  was  so  strong  as  to  overcompensate 
lespnation  about  fivefold;  nevertheless,  the  addition  of  the  measured  light 
produced  an  increment  of  oxygen  production  equivalent  to  a  quantum  re¬ 
quirement  as  low  as  2.8.  It  is  unfortunate  that  this  particularly  important 

-  h™e5  jr  rrr  t  wit,h  a  particuiariy  lji 

r  ti  l  f  ;  ght'dark  cycles  in  one  vessel,  followed  by  two  10-min. 
light-dark  cycles  in  the  other  vessel. 

Quantum  Yield  in  Carbonate  Buffers.  The  same  cells  which  gave  in 
Warburg  and  Burk’s  experiment,  high  quantum  yields  at  pH  5  fcultee 
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medium)  gave  2-3  times  lower  yields  (7  =  0.10-0.09)  in  carbonate  buffers 
(pH  ^  9),  both  with  and  without  compensating  white  light  (last  section 
of  table  29. IV).  Yields  of  0.12  or  less  were  obtained  also  in  bicarbonate 
solutions  equilibrated  with  5%  carbon  dioxide  in  air  (pH  7-8).  It  thus 
appears  that  for  Warburg  and  Burk’s  cells  (grown  in  acid  medium)  even 
neutral  solutions  were  “unphysiological.” 

Respiration  in  Light.  1  he  question  whether  respiration  is  affected 
by  light  is  crucial  lor  the  measurement  of  the  rate  of  photosynthesis  in 
weak  light.  Different  indirect  methods  (Vol.  I,  Chapter  20,  and  Chapter 
36)  have  been  used  to  answer  it,  and  have  given  contradictory  answers 
(including  all  three  alternatives:  “no  change,”  “stimulation,”  and  “in¬ 
hibition”).  The  simplest  approach  to  this  problem  is  to  remove  ( e.g ., 
by  absorption  in  alkali)  all  carbon  dioxide  (including  that  produced  by 
respiration)  and  to  measure  the  oxygen  consumption  in  light  unobscured 
by  photosynthesis.  This  procedure  was  attempted  repeatedly,  but  with¬ 
out  success,  because  immediate  photosynthetic  reutilization  of  respiratory 
carbon  dioxide  competed  too  effectively  with  its  absorption  by  the  com¬ 
paratively  remote  external  absorber.  In  fact,  it  proved  difficult  to  reduce 
photosynthesis  in  this  way  much  below  the  compensation  point.  War¬ 
burg  et  al.  (19492)  reported,  however,  that  with  the  increased  frequency 
of  shaking,  they  were  now  able  to  absorb  respiratory  carbon  dioxide 
in  an  alkali-filled  side  arm  of  the  reaction  vessel  so  effectively  that  the 


rate  of  oxygen  uptake  by  a  Chlorella  suspension  in  light  was  exactly  the 
same  as  in  the  dark.  They  saw  in  this  experiment  the  proof  that  respira¬ 
tion  as  such  is  quite  unaffected  by  (red)  light,  and  refutation  of  all  hy¬ 
potheses  which  postulate  an  exchange  of  intermediates  between  photosyn¬ 


thesis  and  respiration. 

Complete  prevention  of  photosynthetic  reutilization  of  respiratory 
carbon  dioxide  by  absorption  of  the  latter  in  an  external  absorber  (although 
reutilization  must  be  possible  even  before  the  carbon  dioxide  had  escaped 
from  the  cell  into  the  medium),  is  a  remarkable  achievement.  A  possible 
reason  why  Warburg  and  co-workers  were  successful  where  others  have 
failed  is  intermittent  illumination.  For  95%  of  the  “light  period”  each  in¬ 
dividual  cell  is  practically  in  darkness.  Respiration  goes  on  during  all  this 
time;  all,  or  at  least  a  large  part  of  the  carbon  dioxide  produced  while  the 
cell  is  in  the  shade  may  be  able  to  escape  into  the  medium  before  the  cell 
had  moved  into  the  illuminated  zone.  Once  a  carbon  dioxide  molecule  is 
in  the  medium,  it  may  have  a  much  greater  chance  to  diffuse  into  the  gas 
space  than  to  diffuse  into  the  small  illuminated  volume  In  this  way,  80 
or  90%  of  respiratory  carbon  dioxide  produced  during  the  light  penot 
could  perhaps  escape  re-utilization  by  the  cells  and  reach  the  external  ab¬ 
sorber. 


quantum  yield  measurements  by 
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It  will  be  noted  that  this  explanation  could  not  be  used  if  Warburg  and 
Burk’s  concept  of  all  cells  being  uniformly  engaged  in  photosynthesis 
throughout  the  “light  period”  were  correct.  More  specifically,  this  ex¬ 
planation  requires  that  not  only  the  photocatalytic  mechanism  responsible 
for  the  liberation  of  oxygen,  but  also  the  enzymatic  mechanism  responsible 


for  the  uptake  of  carbon  dioxide,  should  cease  operating  within  <0.1  sec. 
after  the  cells  are  darkened.  This  seems  to  contradict  the  assumptions 
which  we  used  on  p.  207  in  the  explanation  of  the  “pick  up’  of  carbon 
dioxide  after  intense  illumination  in  C02-deficient  medium,  on  p.  308  in  the 
explanation  of  the  effect  of  cyanide  on  yield  of  photosynthesis  in  flashing 
light,  and  will  use  in  chapter  36  in  accounting  for  C*02  uptake  by  preillu¬ 
minated  cells.  In  all  these  cases,  we  have  assumed  that  the  capacity  to 
take  up  carbon  dioxide  survives,  in  preilluminated  cells,  for  several  seconds 
(or  even  minutes)  after  the  cells  had  been  darkened.  However,  as  in  many 
such  cases,  apparent  contradictions  may  arise  from  the  use  of  a  qualitative, 
“yes  or  no”  approach,  where  a  quantitative,  “more  or  less”  analysis  is  re¬ 
quired. 

Summary  of  Warburg  and  Burk’s  Quantum  Yield  Measurements. 

Table  29. IV  gives  a  summary  of  the  quantum  efficiencies  reported  by  War¬ 
burg  and  Burk  (1950);  several  of  the  experiments  in  this  table  have  al¬ 
ready  been  discussed  above. 

Whittingham,  Nishimura  and  Emerson  (1951)  were  able  to  reproduce 
V  arburg  and  Burk’s  results  by  strict  adherence  to  the  same  experimental 
arrangement  and  schedule  of  operations.  However,  they  concluded  that 
these  results  were  affected  by  a  systematic  error.  Following  are  the  major 
points  of  their  criticism. 


1.  The  two-vessel  method  is  very  sensitive  to  slight  errors  in  mano- 
metric  determinations.  Thus,  a  difference  of  0.3  mm.  in  the  pressure 
change  registered  in  one  of  the  two  vessels  over  a  10-min.  period  may 
change  the  calculated  oxygen  yield  by  a  factor  of  two.  Such  a  difference  is 
well  within  the  limits  of  experimental  error  of  the  method  of  Warburg  and 
Burk  (as  contrasted  to  the  much  more  precise  measurements  with  the 
differential  manometer,  employed  by  Emerson  and  Lewis.) 

2.  Tins  low  precision  of  the  method  leads  to  random  scattering  of  re¬ 
sults,  (for  example,  in  experiment  No.  7,  the  1/y  values  derived  from  in¬ 
dividual  cycles  scattered  from  2.3  to  14).  This  can  be  corrected  by  averag¬ 
ing  over  a  sufficiently  large  number  of  cycles.  However,  only  in  a  few 
experiments  of  Warburg  and  Burk,  as  many  as  five  or  six  10  min  cycles  were 
used  m  most  others,  only  two  or  three.  This  explains  why  even  the 
a\  eraged  1/7  values  scattered  from  2.3  to  4.0. 

■1.  Random  errors  can  explain  the  scattering  of  the  results  but  nnlv  ., 
mlemahc  error  can  explain  the  consistent  finding  of  1/y  values  considerably 
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Table  29. IV 

Quantum  Requirements  of  Oxygen  Production  (1/y)  and  of  Carbon 
Consumption  ( Qp/y )  Calculated  by  Warburg  and  Burk  (1950)  for 

pyrenoidosa 


Dioxide 

Chlorella 


Expt. 

No. 

Description 

Number,  duration  and  order  of  cycles 

1  =  light  d  =  dark 
(or  background  light) 

1/7 

Qp1 

A.  Experiments  at  pH  5  (two  vessels) 

1 

No  background  illumi- 

6 

10'1/10'd.  cycles  alter- 

nation 

nating  in  two  vessels 

4.62 

1.25 

2 

U 

2 

10'1/10'd  cycles,  alter- 

nating 

3.6 

0.84 

3 

U 

3 

10'1/10'd  cycles,  alter- 

nating 

4.2 

1.03 

4 

u 

1 

10'1/10'd;  1  20'1/20'd; 

1  30'1/30'd 

2.83 

0.82 

5 

u 

5 

10'1/10'd,  alternating 

2.54 

0.80 

7 

“j  —  kno3 

4 

10'1/10'd  alternating 

4.2 

0.96 

i+kno3 

3 

10'1/10'd  alternating 

3.2 

0.76 

9 

u 

1 

20'1/10'd 

4.8 

1.22 

1 

Same  material  as  in 

5 

5'1/5'd  cycles  in  first  ves- 

exp.  1  above,  slightly 

sel,  then  3  5'1/5'd  cycles 

overcompensating 

in  second  vessel 

2.9 

0.98 

white  background 

light 

Same  material,  2X 
overcompensating 
background  light 
Same  material  as  in 
exp.  2  above  &  below 
2X  overcompensat¬ 
ing  background  light 
Continuous  back¬ 
ground  illumination 
by  white  light  from 
above.  Red  measur¬ 
ing  light,  from  below 
added  at  various 
times 


3X  overcompensating 
white  light  from 
above 

Same  material,  4X 

overcompensating 
orange  red  light 
“mostly  from  below” 
Same  material  as  in 
exp.  9  above,  3X 

overcompensating 
background  light, 
from  above 


5  5'1/5'd  cycles  in  first  ves¬ 

sel,  then  6  5'1/5'd  cycles 
in  second  vessel 

2  15'1/15'd  cycles  in  first 

vessel,  then  “2  15'1/15'd 
cycles  in  second  vessel 

1  10'1/10'd  and  2  30'1/10'd 
cycles  in  one,  then  same  in 
other  vessel,  at  the  begin¬ 
ning  of  experiment 

2  10'1/10'd  cycles  first  in 

one,  then  in  other  vessel, 
19  hr.  later 

3  10'1/10'd  cycles  first  in 

one,  then  in  other  vessel, 
14  hr.  later5 

2  10'1/10'd  cycles  in  one 

then  same  in  another  ves¬ 
sel 

3  5'1/5'd  cycles  in  one, 
then  2  10'1/10'd  cycles  in 
another  vessel 

1  20 '1/20 'd  cycle  in  each 

vessel 


4.5 

3.9 

4.2 

4.8 

3.4 

3.0 

3.5 

4.4 


1.11 

0.96 

0.90 

1.11 

0.78 

0.90 

0.98 

1.00 


Average 


3.8 


1.04 


Table  continued  on  page  111 l 
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B.  Experiments  at  pH  9.2  (Single  vessel) 

2  Same  material  as  in 

5 'd/ 15 '1/1 5 'd/15 '1/10 'd 

10 

5 

exp.  2  above;  respi¬ 
ration  overcompen¬ 
sated  by  white  light 
from  above 

10'd/10'l/10'd/10'l/10'd/- 

Same,  no  background 

9 

8 

light 

20 'd 

Average 

10 

15 

1  ( A02/  AC02)  for  “light  effect”  (p.  1 101 ). 

2  Average  of  six  cycles,  single  cycles  give  l/y-values  from  2.3  to  14. 

3  No  significant  difference  between  10',  20'  and  30'  cycles. 

4  Four  cycles  gave  very  closely  similar  results;  one  value  off. 

6  Cells  washed  and  re-suspended  in  fresh  medium  before  this  measurement  because 
of  apparent  drop  in  yield. 


below  those  which  Emerson  and  co-workers  consider  correct  on  the  strength 
of  their  own  manometric  experiments,  and  of  the  nonmanometric  measure¬ 
ments  performed  in  various  other  laboratories.  Emerson  sees  a  possible 
source  of  such  an  error  in  the  decision  of  Warburg  and  Burk  to  reverse 
Warburg’s  earlier  practice,  and  to  make  no  allowance  for  the  “physical 
lag”  between  the  time  of  gas  exchange  in  the  chloroplasts  and  the  time 
when  pressure  changes  are  registered  in  the  manometer  ( cf .  below). 

4.  Warburg  and  Burk’s  claim  that  this  lag  was  negligible  because  of 
fast  shaking  could  not  be  confirmed  by  Emerson  and  co-workers.  The 
fact  that  in  Warburg  and  Burk’s  experiments  the  pressure  change  often  was 
the  same  (within  the  limits  of  experimental  error)  in  the  first,  and  in  the 
second  5  minutes  of  a  10-min.  light  period,  can  be  explained,  according  to 
Emerson,  by  compensation  of  the  lag  by  the  carbon  dioxide  burst.  Emer¬ 
son  and  co-workers,  too,  could  obtain  time  curves  in  phosphate  buffer 
without  an  apparent  induction  period;  and  yet,  experiments  made  in  the 
same  two  vessels,  and  with  the  same  rate  of  shaking,  but  in  carbonate 
buffer  (eliminating  the  C02  burst),  showed  a  lag  of  considerable  duration. 

5.  In  each  vessel,  taken  separately,  the  physical  lag  tends  to  decrease 
the  manometric  effect  of  the  transition  from  darkness  to  light  (and  vice 
versa)  and  thus  to  make  the  calculated  “light  effect”  smaller.  This  does 
not  mean,  however,  that  the  calculated  y  values  also  must  be  too  small. 

1  he  quantum  y,eld  and  the  ratio  QP  are  calculated  from  the  light  effects 
in  the  two  vessels;  and  whether  the  calculated  y  value  is  too  small  or  too 
la.ge  depends  on  the  ratio  of  the  two  lags.  With  the  two  vessels  used  by 
burg  and  Burk,  the  lag  is  larger  in  the  vessel  with  the  larger  -as  space 
and  tins  makes  the  calculated  quantum  yields  too  hiqh.  The  systematic 
error  caused  by  this  unequal  lag  needs  to  be  only  ve,y  small  (of  the  order  of 
0.3  mm.  per  10  mm.)  for  the  calculated  y  to  be  increased  by  a  factor  of  ^o 
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6.  While  Emerson  and  co-workers  were  able  to  closely  reproduce  the 
measurements  of  Warburg  and  Burk  (I/7  =  3-4),  the  results  became  quite 
different  if  light  and  dark  periods  were  lengthened  to  30  minutes  or  if 
the  vessel  shape  I12  (fig.  29. 4A)  was  substituted  for  hi  in  the  two-vessel 
combination.  Either  change  led  to  7-1  >  9,  with  the  same  cells  which 
gave  values  of  3-4  by  following  Warburg  and  Burk’s  specifications.  These 
changes  should  diminish  errors  due  to  different  physical  lag,  though  per¬ 
haps  not  eliminate  them,  nor  overcome  all  the  disadvantages  in  the  tech¬ 
nique  of  Warburg  and  Burk.  However,  it  is  significant  that  the  yield  was 
found  to  be  dependent  on  both  timing  and  vessel  shape. 


Fig.  29. 4A.  Manometric  vessels  for  two-vessel  method  of  quantum  yield 
measurements.  H,  vessel  with  small  gas  space;  hi  hi,  vessels  with  large 
gas  volume. 


7.  Warburg  and  Burk  have  calculated  —  AO./  ACO.  values  of  the 
order  of  1  (=tl).2j  for  the  “light  effect”  in  the  two-vessel  experiments. 
However,  this  does  not  prove  that  no  significant  carbon  dioxide  burst  and 
gulp  had  occurred  in  their  experiments,  but — as  already  was  explained  on 
page  1101— merely  that  the  “gulp”  in  the  dark  period  compensated  more 
or  less  completely  for  the  burst  in  the  light  period.  This  compensation  is 
inevitable  in  a  series  of  light-dark  cycles  in  which  approximately  stationary 
conditions  are  established  after  a  few  cycles.  Separate  calculation  of 
-  A(V  ACOs  in  light  and  in  darkness  (suggested  on  p.  1102)  gives  in  the 
few  cases  where  the  necessary  data  are  provided  by  Warburg  and  Burk— 
values  quite  different  from  1,  with  deviations  in  the  direction  required  by 

the  burst-and-gulp  hypothesis.  unwound 

8  Warburg  and  Burk’s  experiments  with  white  (or  red)  background 

light  have  additional  uncertainty  because  they  were  carried  out  by  consecu¬ 
tive  and  not  alternate,  measurements  in  the  two  vessels.  Earlier  expen- 
men’ts  of  Emerson  and  Lewis  had  indicated  that  the  burst  occurs  not  on 
unon  change  from  light  to  dark,  but  also  upon  change  from  one  light  in¬ 
tensity  to  f  higher  one;  thus,  the  interpretation  of  experiments  with  light- 
compensated  (or  overcompensated  respiration  as  “base  line  can  e 
same  as  suggested  above  for  the  light-dark  experiments 

9.  To  sum  up  the  conclusions  of  Emerson  and  co-wor  ers, 
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ments  of  Warburg  and  Burk  can  be  duplicated  by  strict  adherence  to  their 
specifications.  However,  the  results  obtained  in  this  way  are  not  only  of 
low  precision  (as  revealed  by  wide  scattering),  but,  what  is  more  impoitant, 
contain  a  systematic  error. 

The  differential  manometer  experiments  ol  Emerson  and  Lewis  (1941) 
had  been  far  more  precise  than  either  the  experiments  of  Warburg,  Burk 
et  al.  (1948-1950),  or  the  experiments  which  Emerson  and  co-workers  made 
in  1949-1950  under  conditions  closely  imitating  those  of  Warburg  and 
Burk.  It  seems  that  the  most  reliable  of  the  presently  available  data  on  the 
quantum  yield  remain  those  derived  from  these  older  measurements.* 

Manometric  quantum  yield  measurements  have  also  been  reported  by 
Kok  (1948,  1949).  He  considered  the  loss  of  light  by  scattering  in  thin 
suspensions  as  a  lesser  experimental  difficulty  than  the  large  respiration, 
the  wide  variation  of  local  light  intensity,  and  the  intermittency  of  illumi¬ 
nation  inevitable  in  strongly  agitated,  dense  suspensions.  He  therefore 
worked  with  Chlorella  suspensions  that  absorbed  only  30-40%  of  the  in¬ 
cident  light  (yellow  sodium  light),  and  used  an  Ulbricht  sphere  for  the  meas¬ 
urement  of  absorption.  He  found  practically  linear  light  curves  up  to  re¬ 
markably  high  incident  intensities — sometimes  as  high  as  20  times  the 
respiration-compensating  light!  (Compare  chapter  28,  section  A2). 
Quantum  yield  determinations  were  made  by  Kok  in  four  different  ways: 
(1)  by  measuring  the  carbon  dioxide  exchange  only,  oxygen  being  absorbed 
by  chromous  chloride  in  the  side  arm  of  the  Warburg  vessel ;  (£)  by  measur¬ 
ing  the  oxygen  exchange  only,  carbon  dioxide  being  absorbed,  in  the  usual 
way,  in  carbonate  buffer;  (3)  by  measuring  both  the  carbon  dioxide  and  the 
oxygen  exchange  by  the  two  vessel  method,  and  (4)  by  measuring  the  net 
exchange  in  a  single  vessel,  and  assuming  QP  =  1.09. 

The  quantum  requirements,  l/y,  were  calculated  from  the  slope  of  the 
straight,  ascending  section  of  the  light  curves,  thus  avoiding  explicit  use  of  a 
respiration  correction.  [The  underlying  assumption  is,  of  course,  that  the 
respiration,  R,  is  the  same  at  all  light  intensities  at  which  a  straight  line  is 
obtained  for  the  function  P  -  R  =  /(/)  ].  Kok  found  the  so-calculated 
efficiencies  to  depend  on  the  age  of  the  suspension  (c/.  fig.  28.13).  (This 
probably  means,  primarily,  dependence  on  the  freshness  of  the  culture 
medium.)  The  yields  were  almost  independent  of  the  temperature  and  the 
light  intensity  used  in  the  cultivation  of  the  algae.  They  were  about  20% 
higher  in  acid  media  (water,  culture  liquid,  or  phosphate  buffer)  than  in 
alkaline  carbonate  buffers.  Lowering  the  oxygen  pressure  to  0.25%  had 

n<>  e  ec  on  the  quantum  yield,  and  the  same  seemed  to  be  true  of  changing 
the  temperature  from  10  to  20  or  30°C. 

The  1/7-values  obtained  by  the  four  methods  ranged  (apart  from  a 

of  the  quantum  yield" o7photMynthe»ia '  m  to  that  oUt”*  '"f  ~  mUC,h  l°  the  question 
quanta.  They  will  be  described  in  cha’pters  36  and  37  meChaD1Sm  of  ut,l,zatlon  of  the 
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few  exceptionally  high  figures)  from  6.9  to  12.9;  the  average  for  non- 
alkaline  media  (methods  1,  3,  and  4)  was  1/y  =  7.85;  for  alkaline  buffers 
(method  2)  about  10.  Kok  estimated  1/7  =  6.75  as  the  most  probable 
lowest  value  of  the  quantum  requirement. 

The  most  interesting  (and  controversial)  finding  of  Kok  was  that  linear 
extrapolation  of  the  light  curves  to  I  =  0  consistently  lead  to  considerably 
smaller  values  of  the  gas  exchange  than  would  have  corresponded  to  the 
respiration  of  the  same  cells  in  the  dark.  Upon  closer  study,  he  concluded 
that  the  light  curve  underwent  a  sudden  change  of  slope  by  a  factor  of 
about  2,  somewhere  near  the  compensation  point  (fig.  29. 4B).  He  took 
this  to  mean  that  the  quantum  efficiency  was  constant  from  near  the 
saturation  point  down  to  the  compensation  region,  and  then  doubled  sud¬ 
denly.  This  shape  of  the  light  curve — according  to  Kok  it  consists  of  three 
practically  linear  segments — has  not  been  found  by  any  of  the  previous 
observers;  however,  Kok  claimed  a  confirmation  of  the  sharp  break  in  the 
P  =  / (7)  curve  by  new  analysis  of  the  data  of  Kopp  and  of  Gabrielsen. 

If  the  slope  of  the  light  curve  changes  by  a  factor  of  two  at  the  com¬ 
pensation  point,  the  rate  of  respiration  in  strong  light,  determined  by  linear 
extrapolation  of  the  light  curve  from  above  the  compensation  point  to 
7  =  0,  must  indicate  a  rate  of  respiration  in  light  equal  to  one  half  of  the 
rate  of  respiration  in  darkness. 

Later  (1949)  using  a  more  precise  manometric  device  (a  “differential 
volumeter”)  Kok  found,  as  an  average  of  50  experiments  with  Chlorella 
cells  grown  in  Knop’s  medium,  Taught  =  0-5  ^dark-  (do  increase  Rd&rk, 


curves  01  pnobOkyiibueoio 
showing  knick  near  compensation  point. 
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these  measurements  were  made  at  30°C.)  However,  the  break  in  the 
p  =  /(/)  curve  was  now  found  not  exactly  at  the  compensating  intensity, 
but  at  about  twice  this  intensity  (fig.  29.4B(A)).  Since  flight  was  equal  to 
0.5  #dark,  the  ratio  of  the  slopes  below  and  above  the  break  is,  for  these 
algae,  1.33  rather  than  2.0. 

With  Chlorella  cells  grown  in  glucose  solution,  the  break  was  below 
the  compensation  point  (fig.  29.4B(/?));  the  slope  below  the  break  was,  in 
this  case,  exactly  one  half  of  that  above  it,  which  meant  that  flight  was 
greater  than  0.5  /£dark — perhaps  reflecting  enhanced  respiration  in  the  cyto¬ 
plasm.  A  break  in  the  same  region  (i.e.,  below  the  compensation  point) 
was  found  also  in  the  Haematococcus  pluvialis  grown  in  inorganic  medium; 
but  in  this  case,  the  slope  below  the  break  was  less  than  twice  that  above  it. 
Light  curves  obtained  with  Cabo?nba  leaves  (floated  on  carbonate  buffer) 
indicated  that  the  break  was  present  there  too,  and  that  flight  —  0.5  -Rdark- 

Kok  suggested  that  these  experiments  indicate  the  existence  of  two  light 
processes,  with  the  quantum  requirement  of  the  “low-light  process”  (which 
he  called  “light  respiration,”  cf.  below)  exactly  one  half  that  of  the  “high 
light  process”  (true  photosynthesis).  When  the  slope  in  the  low-light 
region  was  less  than  twice  that  above  it,  he  interpreted  this  as  indication 
that  the  two  light  processes  were  occurring  simultaneously.  When  the  slope 
in  low  light  was  exactly  }/2  of  that  in  high  light,  Kok  assumed  that  the  high 
light  process  did  not  begin  until  the  low-light  process  was  saturated. 


Kok  considered  these  experiments  (which  had  indicated  a  probable 
lowest  1/ y-value  of  6./  5  above  the  break),  as  making  plausible  a  quantum 
requirement  of  6  for  the  high  light  process  (true  photosynthesis),  and  3 
tor  the  low  light  process  (“light  respiration  ’).  However,  according  to 
Fianck  (1949),  Rieke  found  in  Kok’s  method  of  light  measurement  an 
error  which  might  have  reduced  the  calculated  quantum  requirements  by 
"  ith  this  correction,  the  results  become  consistent  with  the  assump¬ 
tion  of  quantum  requirements  of  8  and  4,  respectively. 


The  sharp  breaks  in  the  light  curves,  found  by  Kok,  are  very  improbable 
(cf.  the  discussion  in  chap.  26  of  the  impossibility  of  a  sharp  break  between 


by  Calvin  and  co-workers  of  n 


same  situation  in  the  description  of  the  study 
f  respiration  in  light  with  the  help  of  tracer 
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carbon  (Chapter  36).  From  the  latter  experiments,  Calvin  drew  the  same 
conclusion  as  Kok — that  the  rate  of  respiration  in  strong  light  is  only  about 
one  half  of  that  in  darkness.  (The  remaining  one  half  may  represent  the 
proportion  of  the  total  cell  respiration  taking  place  outside  the  chloro- 
plasts  and  therefore  not  affected  by  light.) 

Kok  suggested  that  photosynthesis  substitutes  for  respiration  by  produc¬ 
ing  energy  carriers  (such  as  high  energy  phosphates  or  “HEP”  molecules) 
which  the  organism  requires  for  its  metabolic  activity,  and  which  it  ordi¬ 
narily  derives  from  respiration.  More  specifically,  Kok  postulated  that 
the  primary  light  reaction  in  photosynthesis  has  a  twofold  function:  ( 1 ) 
to  produce  reducing  and  oxidizing  agents  (HX  and  Z,  ef.  Vol.  I,  scheme 
7. IV)  capable,  respectively,  of  reducing  CO2  to  CH20  and  of  oxidizing  H20 
to  02;  and  ( 2 )  to  produce  HEP-molecules  by  transphosphorylations  coupled 
with  back  reactions  between  these  primary  products : 

HX  -f  Z  4-  phosphate - *  HZ  +  X  +  HEP 


Until  respiration  is  fully  compensated — or,  rather,  suspended  as  unneces¬ 
sary  (at  least,  in  the  chloroplasts) — the  absorbed  light  is  used  only  or 
mainly  to  produce  HEP  molecules.  Respiration  of  one  {CH20}  group 
has  been  reported  to  produce  six  HEP  molecules  (Ochoa,  Lippman) ;  Kok 
suggested  that  the  same  number  can  also  be  obtained  by  recombination  of 
six  (HX  +  Z)  pairs,  and  that  these  six  pairs  can  themselves  be  produced 
by  three  quanta.  Thus,  two  HEP  molecules,  containing  about  20  cal. /mole 
disposable  energy,  are  formed  by  one  quantum  of  red  light  (about  40  cal./ 


einstein). 

Above  the  compensation  point,  Kok  assumed  a  quantum  requirement 
of  6;  he  postulated  that  here,  too,  each  quantum  produces  two  (HX  +  Z) 
pairs,  and  that  out  of  twelve  such  pairs  (produced  by  six  quanta),  four 
(produced  by  two  quanta)  react  further  to  reduce  {C02}  to  {CH20}  and  to 
oxidize  H20  to  02,  and  eight  (produced  by  four  quanta)  react  back,  con¬ 
verting  eight  low  energy  phosphates  into  eight  HEP  molecules  (which,  in 
turn  are  utilized  as  “boosters”  in  the  reduction  process).  The  quantum 
requirement  would  then  be  3  for  the  reversal  of  respiration  and  6  for  trae 
photosynthesis.  (No  explanation  was  given  by  Kok  why  eight  H 
molecules  are  needed  in  the  latter  case,  as  against  only  6  in  the  first  one.) 

This,  obviously  highly  arbitrary  scheme  made  to  fit  the  (supposedly ) 
experimentally  indicated  l/y-values  of  3  and  6,  is  closely  related  to  the 
‘‘energy  dismutation”  schemes  (such  as  scheme  9.III)  proposed  (among 
other  possible  reaction  schemes  of  photosynthesis  and  chemosynthesis)  i 
chapter  9.  The  assumption  that  one  third  of  all  quanta  are  used  in  photo¬ 
synthesis  to  provide  oxidation  and  reduction  agents,  and  two  thirds  for  the 
formation  of  energy  boosters  (HEP  molecules),  imitates  the  mechanism 
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chemosynthesis  postulated  for  hydrogen  bacteria  (schemes  9.1\  )  in  which 
two  hydrogen  molecules  reduce  carbon  dioxide,  utilizing  the  energy  lib¬ 
erated  by  the  oxidation  of  four  hydrogen  molecules  by  oxygen. 

According  to  Franck  (1949)  ( cf .  page  1115),  it  is  permissible  to  interpret 
Kok’s  results  as  indicating  quantum  requirements  of  8  (rather  than  6)  for 
true  photosynthesis  and  4  (rather  than  3)  for  the  “low  light  process.”  If 
one  wants  to  retain  Kok’s  picture,  one  can,  for  example,  suggest  that  four 
quanta  produce  four  oxidation  and  reduction  agents  (4HX  +  4Z),  while 
the  other  four  produce — by  back  reaction  of  another  four  (HX  +  Z)  pairs 
eight  HEP-molecules.  (The  numerical  analogy  with  the  hydrogen  bacteria 
would  lie  lost  in  this  way;  but  it  is  more  plausible  that  one  quantum  pro¬ 
duces  a  single  IIX  +  Z  pair  than  that  it  produces  two  such  pairs,  as  was 
suggested  bv  Kok). 

Van  der  Veen  (1949),  in  the  course  of  a  study  of  induction  phenomena 
by  the  thermal  conductivity  method  (chapter  33),  found,  for  tobacco  leaves, 
a  light  curve  of  photosynthesis  similar  to  that  recorded  by  Kok — a  straight 
line  up  to  450  lux,  and  another  straight  line,  with  about  half  of  the  slope 
of  the  first  one,  from  450  to  3200  lux.  He  combined  Kok’s  concept  of  the 
reaction  mechanism  of  photosynthesis  with  scheme  9. IV,  interpreting  the 
“energy  dismutation”  postulated  in  this  scheme  (cf.  pages  164  and  239, 
Vol.  I),  as  production  of  HEP  molecules  by  recombination  of  a  part  of  the 


primary  photochemical  oxidation  and  reduction  products,  and  “boosting” 
by  these  HEP  molecules  of  the  reductive  power  of  the  remaining  reduction 
products.  The  specific  numbers  used  in  his  scheme  (eight  recombinations 
to  four  oxidation-reductions)  taken  from  Kok,  could  equally  well  be  re¬ 
placed  by  others  e.g.}  by  four  recombinations  and  four  oxidation-reduc¬ 
tions,  as  in  scheme  9. III;  and  the  same  is  true  of  the  number  of  quanta  re¬ 
quired  (six,  or  eight,  or  even  twelve). 


A  somewhat  different  and  perhaps  more  plausible — interpretation  of 
a  comparatively  low  quantum  requirement  of  “anti-respiration”  in  weak 
light  has  been  suggested  (Franck,  1949) :  This  is  the  (repeatedly  mentioned) 
possibility  that  intermediates  of  respiration  can  be  drawn  into  the  photo- 
synthetic  cycle  and  reduced  back  to  the  carbohydrate  level,  and  that  a 
smaller  number  of  quanta  is  required  for  this  process  than  for  complete 
photosynthesis.  It  is  important  to  note  that  such  a  half-way  interception 
of  respiration  would  not  cause  a  deviation  of  the  A02/AC02  ratio  from  its 

"°™a  .™'Ue  (aPProximately)  1-since  the  only  gas  exchange  measured 
in  low  light  will  be  that  due  to  residual  normal  respiration  (e  g  respiration 
outside  the  chloroplasts).  Calvin  suggested,  on  the  basis  of  certain  CUd) 
acer  experiments,  that  a  cross-link  between  respiration  and  photosynthe¬ 
sis  exists  on  the  level  of  malic  and  oxalacetic  acid;  however,  these  ohserva- 
tions  are  still  controversial  (cf.  chapter  36). 
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Franck  (1949),  in  offering  an  explanation  of  Warburg  and  Burk’s  results 
in  terms  of  photochemical  half-way  reversal  of  respiration,  suggested  that 
the  extent  to  which  this  process  occurs  depends  on  the  capacity  of  respira¬ 
tion  intermediates  (which  probably  are  organic  acids)  to  penetrate  from  the 
protoplasm  into  the  chloroplasts,  and  that  this  capacity  is  affected  by  the 
physiological  state  of  the  cells.  It  remains  to  be  seen  whether  this  explana¬ 
tion  can  suffice  to  explain  why  many  careful  experiments  have  failed  to 
show  the  existence  of  the  phenomenon.  Thus,  Emerson  and  co-workers 
never  had  observed  any  curvature  of  the  light  curves  in  the  region  of  the 
compensation  point,  which  would  indicate  a  lower  quantum  requirement  in 
very  low  light.  Brown  and  co-workers  (1950)  found  no  evidence  that 
light  interferes  with  respiration  in  mass-spectrographic  experiments:  The 
uptake  of  0(16)0(16)  from  the  air  continued  in  light,  while  0(16)0(18)  was 
evolved  simultaneously  by  photosynthesis  from  algae  suspended  in  0(18)- 
enriched  water.  It  was  mentioned  before  (page  1108)  that  Warburg  and 
co-workers  (1949)  arrived  at  a  similar  conclusion  by  observations  of  the  rate 
of  oxygen  consumption  in  darkness  and  light  under  conditions  assuring 
rapid  removal  of  respiratory  carbon  dioxide  from  the  medium;  it  was,  how¬ 
ever,  suggested  that  these  findings  might  have  been  contingent  on  the  inter- 
mittency  of  illumination,  which  prevented  the  utilization  for  photosynthesis 
of  a  large  proportion  of  respiration  products. 

To  sum  up,  the  possibility  of  photochemical  utilization  of  respiratory 
intermediates  remains  controversial,  and  the  effect  of  this  re-utilization 
on  the  quantum  requirement  in  weak  light,  an  open  question.  Suggestive 
experimental  evidence  is  available  for  both  a  negative  and  a  positiv  e  answ  ei. 
(On  the  positive  side:  Warburg’s  cyanide  experiments,  Kok’s  and  van  der 
Veen’s  broken  light  curves,  Calvin’s  carbon  tracer  experiments.  On  the 
negative  side:  Emerson  and  Lewis’  smooth  light  curves,  Warburg’s  experi¬ 
ments  in  C02-free  medium,  Brown’s  respiration  study  with  oxygen  iso¬ 
topes.')  Whether  Franck’s  suggestion,  that  the  chloroplasts  sometimes 
are  and  sometimes  are  not  permeable  to  respiration  intermediates  formed 
in  the  cytoplasm,  can  explain  these  contradictions  is  uncertain.  A  know  - 
edge  of  the  relative  contribution  of  chloroplasts  and  cytoplasm  to  total 
cell  respiration  in  the  dark  would  be  useful  in  this  connection;  but  no  esti¬ 
mate  of  this  relation  has  as  yet  been  made. 


2.  Nonmanometric  Measurements  of  Quantum  Yield 

The  results  of  nonmanometric  measurements  of  the  quantum  yield 

on  the  whole  agree  with  the  lower  figures  (1/y  =  >0  *  2>  f""“d  ^  S' 
son  and  Lewis,  Rieke,  and  others  by  manometnc  studies  rather  than  «.th 
the  higher  figures  (7  =  lA  to  M)  claimed  by  Warburg  and  Burk. 
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(a)  Chemical  Methods 

Wurmser  (1923,  1925,  1926)  made  a  few  quantum  yield  determinations 
with  the  green  alga  Ulva  lactuca.  Each  experiment  lasted  for  several  hours, 
and  consisted  in  the  measurement  of  change  in  oxygen  concentration  in  solu¬ 
tion  by  Winkler’s  method.  The  rate  of  absorption  of  light  was  calculated 
from  comparison  of  transmission  by  green  and  discolored  thalli  (c/.  chapter 
22,  page  675),  using  a  theoretical  equation  to  take  into  account  scattering 
(c/.  page  713).  Wurmser  found,  in  some  of  these  experiments,  energy  con¬ 
version  factors  up  to  50%,  corresponding  to  quantum  yields  up  to  M- 
However,  the  calculated  yield  in  the  (weakly  absorbed)  green  light  turned 
out  to  be  so  much  higher  than  in  the  (strongly  absorbed)  red  light,  that  it 
indicated  probable  grave  errors  in  the  calculation  of  absoiption.  "W  arburg 
(1925)  therefore  did  not  consider  these  experiments  of  Wurmser  as  sig¬ 
nificant  confirmation  of  his  own  results. 

Briggs  (1929)  obtained,  with  leaves  of  Phaseolus  vulgaris,  at  light  in¬ 
tensities  5-10  times  stronger  than  those  used  by  Warburg  and  Negelein, 
yields  from  7-17  cc.  O2/5OO  cal  absorbed  energy;  with  yellow  elm  leaves, 
from  5.3  to  8.9  ml.;  with  green  elm  leaves,  from  12  to  20  ml.;  and  with 
leaves  of  Sambucus  nigra,  from  9  to  19  ml.  These  values  correspond  to 
quantum  yields  <0.1. 

In  1935,  Gabrielsen,  working  with  plants  of  Sinapis  alba,  calculated, 
also  from  gas-analytical  measurements,  by  extrapolating  the  light  curves 
(fig.  30.8A,B)  to  zero  illumination,  e  values  from  0.13  in  blue,  to  0.36  in  red 
light,  corresponding  to  maximum  quantum  yields  of  0.1  ±  0.02.  Gabrielsen 
did  not  question  at  that  time  the  correctness  of  Warburg’s  results,  and 
thought  that  his  lower  yields  must  have  been  due  to  the  use  of  a  less  ef¬ 
ficient  species. 

Later  (1947),  Gabrielsen  repeated  these  experiments  with  Sinapis, 
Corylus  and  Fraxinus  leaves,  and  found  70-values  between  0.082  and  0.078. 

In  the  first  of  a  series  of  investigations  emanating  from  the  University 
of  Wisconsin,  Manning,  Stauffer,  Duggar  and  Daniels  (1938)  determined 
the  quantum  yield  by  gas  analysis,  comparing  the  composition  of  a  gas 
(containing  approximately  5%  C02  and  5%  02)  conveyed  through  a  Chlo- 
lella  suspension  in  the  light  and  in  the  dark.  The  suspensions  were  less 
dense  than  in  Warburg  and  Negelein’s  work,  absorbing  only  10-50%  of  the 
incident  light,  the  intensity  of  the  latter  (green  line  from  a  mercury  lamp) 
vas  somewhat  higher  than  in  Warburg  and  Negelein’s  experiments  (1000- 
1750  erg/cm.2  sec.);  60  minute  periods  of  illumination  were  used.  The  7 
values  derived  from  the  absorption  of  carbon  dioxide  were  not  very  different 
from  those  calculated  from  the  increase  in  the  concentration  of  oxygen  thus 
indicating  that  the  quotient  QP  was  close  to  unity. 
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The  quantum  yields  obtained  in  these  experiments  scattered  consider¬ 
ably— from  0.01  to  0.1— but  never  exceeded  the  latter  limit.  Still  lower 
quantum  yields  (0.002  to  0.027)  were  obtained  in  experiments  in  white 
light;  in  this  case,  however,  about  ten  times  higher  intensities  of  incident 
light  were  used,  so  that  saturation  effects  appeared  possible.  Experiments 
with  a  different  technique  (closed  reaction  bottles,  no  stirring,  analytical 
determination  of  the  change  in  [02]  in  solution  by  Winkler’s  method) 
yielded  y  values  between  0.02  and  0.065. 

In  another  paper  from  the  same  laboratory,  Manning,  Juday  and  Wolf  (1938)  de¬ 
scribed  experiments  in  which  bottles  containing  Chlorella  suspensions  were  deposited  at 
different  depths  in  a  lake,  and  thus  exposed  to  different  intensities  of  illumination,  rang¬ 
ing  from  full  sunlight  (600  kerg./cm.2  sec.,  not  counting  the  infrared)  down  to  6  kerg/cm.1 
sec.  The  change  in  color  of  the  light  with  depth  (cf.  Table  22. XI)  complicated  the  calcu¬ 
lation  of  the  number  of  absorbed  quanta;  the  results  were  therefore  less  exact  than 
those  of  the  first  paper.  However,  the  approximate  magnitude  of  y  values  was  the 
same  as  in  other  experiments — about  0.05  at  the  lowest  light  intensities  (at  10  meter 
depth);  cf.  figure  29.5. 


LIGHT  INTENSITY,  (erg/cm2  sec.)  x  I0'4 


Fig.  29.5.  Quantum  efficiencies  for  Chlorella  (after  Manning,  Juda.\ , 
and  Wolf,  1938).  Curve  A,  3.17  hr.,  cell  concn.  3,250,000/ml.;  B ,1.03 
hr.,  cell  concn.  718,000/ml.;  C,  4.00  hr.,  cell  concn.  331,000/ml.;  D,  41)0  hr. 
cell  concn.  718,000/ml.;  E,  4.05  hr.,  cell  concn.  1,900,000/ml.;  F,  3.30  hi., 
cell  concn.  1,210,000/ml. 


(b)  Polar ographic  Method 

In  a  third  investigation  from  the  Wisconsin  laboratories  Petering, 
Duggar  and  Daniels  (1939)  applied  the  polarographic  method  (c).  page  XM) 
because  it  permitted  the  determination  of  respiration  immediately  befoie 
and  after  a  period  of  photosynthesis,  without  the  delays  (illustrated  by  fig. 
29.1)  inherent  in  the  manomctric  method.  Figure  29.6  shows  the  polaio- 
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graph  to  respond  almost  immediately  to  transitions  from  respiration  (in 
darkness)  to  photosynthesis  (in  light)  and  vice  versa.  In  t  e  op  an 
bottom  curves,  the  illumination  is  below  the  compensation  point  and 
photosynthesis  manifests  itself  in  a  reduced  rate  of  consumption  of  oxy¬ 
gen;  in  four  other  curves,  the  oxygen  concentration  increases  during 
photosynthesis.  The  curvatures  of  the  respiration  curves  show  the  un¬ 
certainty  involved  in  calculation  of  the  respiration  correction.  The  rate 
of  oxygen  consumption  in  the  five  minutes  immediately  following  the  cessa¬ 
tion  of  illumination  was  used  by  the  authors  in  the  calculation  of  this  cor¬ 
rection.  (This  method  gives  the  highest  respiration  correction  and  conse¬ 
quently  the  highest  quantum  yield  values.) 


Fig.  29.6.  Photosynthesis  and  respiration  of  Chlorella  measured  by  a 
polarograph  (after  Petering,  Duggar  and  Daniels  1939). 

The  experiments  were  made  with  white  light;  from  27  to  48%  of  the 
incident  light  was  absorbed  by  the  suspension.  The  calculated  quantum 
\  ields  langed  from  0.045  to  0.100,  clustering  around  0.07,  and  showing  no 
trend  with  light  intensity  in  the  range  from  1000  to  6000  erg/cm.2  sec. 

New  experiments  with  the  polarograph  were  conducted  by  Moore  and 
Duggar  (1949).  In  these  Chlorella  cells  were  first  illuminated  with  light 
of  one  color  (intensity,  800-2500  erg/cm.2  sec.)  and  then  light  of  another 
color  was  added,  and  the  additional  yield  determined.  The  idea  behind 
this  procedure  was  that  the  uncertainty  concerning  the  amount  of  respira- 
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tion  in  light  can  be  eliminated  by  subtracting  from  the  total  gas  exchange 
in  the  two  combined  beams  the  gas  exchange  in  one  beam  alone.  (There 
seems  to  be  no  difference  between  this  method  and  calculation  of  y  from  the 
difference  in  yield  at  two  light  intensities  in  light  of  the  same  color.)  The 
results  of  these  measurements  are  shown  in  Table  29. V.  The  y  values 


Table  29. V 


Polarographic  Determination  of  Quantum  Yields  of  Chlorella  in  Red 

and  Red  plus  Blue  Light 
(after  Moore,  and  Duggar  1949) 


Initial  beam 

Added  beam 

X 

la 

Abs., 

% 

7 

X 

I a 

Abs., 

% 

7 

1/ 7 

9500 

1958 

76 

0.074 

4358 

1575 

100 

0.11 

9.1 

6500 

783 

46 

0.12 

— 

— 

— 

— 

— 

4350 

1288 

91 

0.09 

6500 

1180 

50 

0.10 

10.0 

6500 

1610 

49 

0.10 

5461 

2532 

40 

0.08 

12.5 

6500 

1392 

74 

0. 10 

5461 

2437 

64 

0.09 

11.0 

6500 

1188 

52 

0.11 

4047 

460 

77 

0.10 

10.0 

“  Intensities  in  erg/cm.2  sec. 


for  the  superimposed  beam  (0.08  to  0.11)  are  not  significantly  different 
from  those  for  the  single  beam  (0.0/4  to  0.12),  a  result  that  can  be  intei- 
preted  as  indicating  two  things:  approximate  identity  of  quantum  yields 
in  blue  and  in  red  light  (despite  the  absorption  of  light  by  carotenoids  in 
the  first-named  region;  cf.  chapter  30),  and  approximate  linearity  of  the 
light  curve  up  to  the  total  intensity  of  the  tw  o  combined  beams. 


Several  objections  can  be  made  (and  have  been  made  by  Warburg)  against  the 

polarographic  quantum  yield  determinations.  . 

1  The  determination  of  the  number  of  absorbed  photons  was  not  satisfactory. 
A  thermopile  was  placed  immediately  behind  the  reaction  cell;  the  energy  flu*  fa  l.ng 
onto  the  thermopile  with  and  without  the  algae  in  the  reaction  vessel  (.1  ummated  ** 
parallel  light)  was  multiplied  by  the  ratio  vessel  arearthermopde  area  and  the  difference 
between  the  two  products  was  assumed  to  be  the  absorbed  flux.  This  assumpfon  .ra¬ 
phes  that  scattering  oat  of  the  beam  intercepted  by  the  by 

scattering  into  this  beam,  and  thus  neglects  large  angle  scattering.  The  enor  cau.  cl  l oy 
thf  could  lead  to  too  high  a  value  for  absorbed  light  energy,  and  hence  to  too  low  a 

'“The6  suspension^was  not  stirred.  (Stirring  daring  measurements  is  impossible 

by  the  np  he  —  ^  “*=3!  TheT^  5SS 

not  to  mfluenc0 Jjhe  obviously  of  less  importance  when  oxygen  determination  is 

during  >rm, “d  ”  than  Khen  it  i9  carried  out  in  the  gas  phase  above  it.  On 

r/oXSVarbt  dioxide  exhaustion  —dy ^mediate 
point. 
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3  Although  the  medium  (nutrient  solution,  pH  5.5)  satisfied  Warburg’s  require¬ 
ments  of  “physiological”  conditions,  presence  of  mercury  drops  introduced  a  danger 
poisoning.  In  fact,  such  poisoning  has  been  observed,  but  deemed  too  slow  to  affect  the 

measurements. 


(c)  Calorimetric  Method 

The  basis  of  the  calorimetric  determination  of  the  yield  of  photosynthe¬ 
sis — which  is  a  direct  measurement  of  the  energy  conversion  yield,  e,  lather 
than  of  the  quantum  yield,  y — was  described  in  chapter  25  (page  854). 
The  first  to  carry  out  such  measurements  was  Arnold  in  1936-1937 ;  how¬ 
ever,  so  strong  was  the  belief  at  that  time  in  the  conectness  of  Warburg  s 
value,  y  =  H,  that  Arnold  took  his  inability  to  obtain  this  yield  as  indica¬ 
tion  of  a  failure  of  the  method,  and  did  not  publish  his  results  until  1949 
(reference  to  them  was  made  by  Franck  and  Gaffron  1941).  Arnold  used 
a  modified  Callender’s  radiobalance,  originally  designed  to  measure  heat 
production  by  radioactive  materials.  Its  period  was  so  small  that  com¬ 
plete  measurements  could  be  made  in  from  1  to  10  minutes.  Between 
0.05  and  4  mm.3  of  cells,  in  Knop’s  solution  or  carbonate  buffer,  were  used. 
One  run  was  made  with  healthy  Chlorella  cells,  and  one  run  with  the  same 
cells  inhibited  by  ultraviolet  irradiation.  Respiration  was  assumed  to  be 
unaffected  by  ultraviolet  light  (c/.  Vol.  I,  page  344).  The  results  are  shown 
in  Table  29. VI. 


Table  29. VI 

Calorimetric  Determination  of  Quantum  Yield  (after  Arnold  1949) 


Extra  heat 
evolved  in  light0 


Cells 


With 

inhibited 

cells, 


With 

healthy 

cells, 

h  -  AHc 


A  Hr 


100A/fc 

% 


HEAT  PRODUCTION  IN  MICROWATTS 


C.  pyrenoidosa .  5.08 

4.60 

4.46 

2.24 

Avocado  leaf .  0 . 786 

C.  vulgaris .  0.912 

C.  pyrenoidosa .  1.86 

16.2 


3.70 

3.80 

3.90 

1.90 
0.656 
0.700 
1.34 

12.9 


1.38 

0.80 

0.56 

0.34 

0.130 

0.212 

0.52 

3.3 


_ HEAT  PRODUCTION  IN  ARBITRARY  UNITS 

Scenedesmus .  2.63  2.04  0.59 

n  .,  3.24  2.40  0’84 

C.  pyrenoidosa .  2.08  1.65  0.43 

_ _  1  75  1.36  0*39 


27.2 

17.4 

12.5 

15.2 

16.5 

23.2 
27.9 
20.4 


22.4 

25.9 

20.7 

22.3 


1/7 


9.5 

14.8 

20.6 

16.9 

15.6 

11.1 

9.2 

12.6 


11.5 

10.3 

12.4 

11.5 


rod  i'^minating  light  was  from  a  neon  arc  (ten  to  fifteen  red  lines  isolated  hv  a 

red  filter),  and  had  a  very  low  intensity-from  61  to  126  erg/sec.  cm*  by 
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Measurements  with  a  photocalorimeter  (c/.  page  854)  were  carried  out 
also  at  Wisconsin,  by  Magee,  DeWitt,  Smith  and  Daniels  (1939),  and  gave 
7  values  from  0.049  to  0.110  (the  average  of  17  experiments  tvas  y  =  0.077 
or  1/7  =  13).  No  pronounced  change  wTith  light  intensity  was  noted  be¬ 
tween  1200  and  8000  erg/cm.2  sec. 

More  recently,  Tonnelat  (1944,  1946),  who  worked  in  Wurmser’s  lab¬ 
oratory  in  Paris,  published  similar  results  of  an  investigation  initiated  in 
1939.  Tonnelat  measured  the  heat  developed  in  an  adiabatic  microcalorim¬ 
eter  under  three  conditions:  ( 1 )  wrhen  the  calorimeter  contained  an  il¬ 
luminated  black-bottomed  vessel  with  pure  water  (heat  evolution,  E 0); 
(2)  when  it  contained  the  same  vessel  with  an  equal  volume  of  an  algal 
suspension  in  the  dark  (heat  evolution,  ER,  due  to  respiration);  and  ( 3 ) 
when  it  contained  the  same  suspension  and  was  illuminated  (heat  evolu¬ 
tion,  E  =  E0  +  ER  —  A  Hr).  The  energy  yield,  e,  was  then: 

(29.3)  e  =  A  HJE  =  ( Eo  +  Er  —  E)/E 


and  the  quantum  yield,  according  to  equation  (29.1),  assuming  X  —  530 
mju  (green  light  isolated  by  Wratten  filter  No.  62) : 


(29.4) 


y  =  e/(4  X  10-3  X  530)  =  e/2.12 


Illumination  lasted  for  16  hours  without  noticeable  deviation  from 
linearity  (i.  e.,  presumably,  from  the  constancy  of  both  R  and  P);  even 
in  the  very  low  light  used  (about  1.5  X  10~8  einstein  of  green  light/cm.2 
min.,  or  550  erg/cm.2  sec.),  such  long  duration  of  the  experiments  seems 
dangerous.  The  results  of  Tonnelat’ s  determinations  are  shown  in  Table 

29.VII. 

Table  29. VI I 


Efficiency  of  Photosynthesis  (after  Tonnelat  1944) 
Measured  with  Photocalorimeter 


Experiment 

Chlorella 
concn., 
cells/0.5  cm.3 

Energy 

conversion 

factor 

n  i  Dcflootinnr  Hnt.tnm  . 

32  X  106 

0.26(  ±0.06) 

0.34 ( ±0.05) 

0.20  ( =*=0.06) 

0.31  ( ±0.05) 

0.08  (±0.08) 

0. 12  ( ±0.07) 
0.31(^0.05) 

0.18 

/OX  hot, torn . 

33 

37 

50 

( 4 )  neuei/uug  uuutuin . 

194 

(  O  )  UUttOllI . 

/  d\  m  o  n\r  hot  torn  . 

30 

(7)  Black  bottom . 

(8)  Black  bottom® . 

51 

48 

«  With  0.1%  agar. 


Experiment  5  shows  that  the  yield  became  low  in  very  concentrated 
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to  “self-inhibition”  effects,  described  on  page  880).  Experiment  8  shoMS 
decreased  efficiency  in  the  presence  of  agar-an  observation  that  Tonnelat 
suggested  may  explain  some  of  the  low  values  found  by  McGee,  DeWitt 
et  al.  (who  used  agar  to  prevent  the  suspension  from  settling). 

Experiments  were  performed  in  vessels  with  black  or  reflecting  bottom. 
In  the  first  case,  7  values  could  be  too  low  (if  absorption  of  light  by  the 
blackened  bottom  was  counted  as  absorption  by  the  cells);  in  the  second 
case,  they  could  be  too  high  (because  of  possible  escape  of  reflected  radia¬ 
tion).  Figures  in  Table  29.  VII  indicate  that  the  first  effect  is  real  (experi¬ 
ment  No.  G  shows  a  lower  value  of  7  at  low  cell  concentration),  but  reveal 
no  effects  due  to  reflection. 

Tonnelat  concluded  from  these  experiments  that  the  energy  conversion 
factor,  e,  is  about  0.30,  and  calculated  from  this  a  quantum  yield  of  }  %. 
Equation  (29.1)  gives,  however,  7  =  0.030/2.12  =  0.145,  or  approximately 
3^f.  Tonnelat’s  error  was  probably  due  to  the  use  of  an  incorrect  value, 
8.9  X  10~12  instead  of  7.9  X  10-12  erg/mole,  for  the  heat  effect  of  photo¬ 
synthesis. 

3.  Quantum  Yield  of  Bacterial  and  Algal  Photoreduction 


French  (19371),  who  worked  in  Warburg’s  laboratory,  used  the  bacterial 
species  Streptococcus  varians  to  study  the  quantum  yield  of  the  reduction  of 
carbon  dioxide  by  molecular  hydrogen  (c/.  chapter  5,  page  101).  The  rate 
of  hydrogen  disappearance  was  determined  manometrically.  The  lines 
852  and  894  mju  were  isolated  by  filters  from  the  light  of  a  cesium  lamp; 
from  17  to  58%  of  this  light  was  absorbed  by  the  suspension.  The  quan¬ 
tum  yields  calculated  by  French  ranged  from  0.07  to  0.23  molecule  of  carbon 
dioxide  (i.  e.,  from  0.14  to  0.46  molecule  of  hydrogen)  transformed  per 
quantum,  depending  on  the  pretreatment  of  the  bacteria.  French  con¬ 


sidered  these  experiments  proof  that  carbon  dioxide  reduction  by  Athio- 
rhodaceae  requires  four  quanta  per  molecule  of  carbon  dioxide,  similarly  to 
the  assimilation  of  green  plants  according  to  Warburg  and  Negelein.  As 
mentioned  before,  the  light  curves  obtained  by  French  in  this  work 
"ere  sigmoid,  the  ymax.  values  were  derived  from  the  'maximum  slope  of 
these  curves  (reached  in  the  inflection  point).  This  procedure  requires 
justification.  To  divide  the  increase  in  yield  in  a  certain  region  of  the  light 
curve  by  the  corresponding  increase  in  light  absorption,  and  to  call  the  quo¬ 
tient  “quantum  yield”  presupposes  that  the  increase  in  light  intensity  pro¬ 
duces  a  certain  additional  amount  of  photosynthesis,  characterized  by  its 
own  quantum  yield.  Wassink,  Katz  and  Dorrestein  (1942)  suggested 
that  this  may.  in  fact,  be  the  case,  if  the  bacteria  use,  in  weak  light,  mainly 
intracellular  organic  compounds,  instead  of  the  externally  supplied  react¬ 
ants.  As  light  intensity  increases,  this  photochemical  process  is  soon  light 
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saturated  (because  of  supply  limitations,  or  because  of  the  limited  amount 
of  a  necessary  enzyme) ;  the  normal  reduction  of  carbon  dioxide  with  ex¬ 
ternal  reductants  then  comes  into  its  own.  The  manometrically  deter¬ 
mined  quantum  yield  of  the  photochemical  process  using  intercellular  sub¬ 
strates  can  be  smaller  than  that  of  normal  photoreduction,  for  two  reasons: 

{a)  W  hen  hydrogen  is  used  as  external  reductant,  any  utilization  of  non¬ 
volatile,  intracellular  reductants  will  diminish  the  rate  of  gas  consumption, 
even  if  the  quantum  yield  of  carbon  dioxide  reduction  is  the  same  with  both 
types  of  reductants.  In  French’s  experiments  (1937)  with  Streptococcus 
various,  the  light  curve  had  total  gas  consumption,  AH2  +  AC()2  as 
ordinate;  its  sigmoid  shape  may  have  been  due  entirely  to  an  initial  de¬ 
ficiency  in  the  consumption  of  hydrogen  alone.  In  the  experiments  of  the 
same  author  with  Spirillum  rubrum  (19372)  a  nonvolatile  reductant  was 
used,  and  the  curve  showing  AC02,  as  function  of  light  intensity,  showed  no 
inflection.  However,  in  the  more  recent  experiments  of  Wassink,  Katz  and 
Dorrestein  (1942)  with  Chromatium,  sigmoid  curves  were  obtained  not  only 
with  hydrogen  but  often  also  with  thiosulfate  as  reductant  ( cf .  fig.  28.11). 
A  different  explanation  is  needed  in  this  case. 

(6)  It  was  described  in  chapter  5  (Vol.  I,  page  106)  how,  when  exter¬ 
nally  supplied  organic  compounds  are  utilized  by  photosynthesizing  purple 
bacteria,  the  proportion  of  “coassimulated”  carbon  dioxide  can  vary  widely 
(or  carbon  dioxide  may  even  be  liberated),  depending  on  whether  the  or¬ 
ganic  compound  is  utilized  mainly  or  exclusively  as  hydrogen  donor  (as  in 
Foster’s  experiments  with  secondary  alcohols),  or  serves  also  as  the  source  of 
carbon.  Wassink,  Katz  and  Dorrestein  suggested  that  the  same  applies  to 
photochemical  utilization  of  intracellular  organic  materials;  here,  too,  the 
consumption  of  external  carbon  dioxide  may  be  more  or  less  completely 
suppressed  by  the  utilization  of  the  carbon  (in  the  form  of  freshly  formed 
carbon  dioxide,  or  of  oxidation  intermediates)  produced  by  dehydrogenation 


of  the  organic  reductant. 

These  two  considerations  provide  a  plausible  explanation  of  sigmoid 
gas  exchange  curves,  but  do  not  fully  justify  calculation  of  the  maximum 
quantum  yield  of  photoreduction  from  the  slope  of  the  steepest  section  of 
the  light  curve.  In  the  first  place,  the  utilization  of  internal  reductants  is 
at  present  merely  a  hypothesis.  In  the  second  place,  assuming  this  hypo¬ 
thesis  is  correct,  it  is  still  possible— and,  indeed,  likely— that,  as  light  in¬ 
tensity  increases,  photoreduction  replaces  (and  not  merely  supplements ) 
the  photochemical  transformation  of  intercellular  substrates.  This  can 
occur  either  because  of  exhaustion  of  the  intracellular  material  or  because 
of  changes  in  the  enzymatic  system  (as  in  the  “ 'de-adaptation  of  hydiogen 
adapted  green  algae;  cf.  Vol.  I.  chapter  6).  More  precise  rneaeurement 
of  the  photosynthetic  ratio  A  [CO,]/ A  [reductant],  at  different  light  intensi 
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ties,  and  investigations  of  the  effect  of  intensity  and  duration  of  illumination 
on  the  shape  of  the  light  curves,  could  help  to  elucidate  the  situation.  Un¬ 
til  there  is  proof  that  the  sigmoid  shape  of  the  light  curves  actually  is  due  to 
an  internal  photochemical  process  resulting  in  no  (or  only  little)  gas  con¬ 
sumption;  and  until  it  has  been  proved  that  this  process,  having  become 
saturated  in  very  low  light,  continues  at  a  constant  rate  as  the  light  grows 
stronger,  the  legitimate  way  to  interpret  the  light  curves  is  the  conserva¬ 
tive  one:  to  consider  the  sigmoid  shape  as  evidence  that  the  average 
quantum  yield  of  photoreduction,  y,  first  increases  with  light  intensity  and 
then  decreases  again.  The  measure  of  y  in  each  point  of  the  curve  then  is 
the  slope  of  the  straight  line  drawn  from  this  point  to  the  origin  of  the  co¬ 
ordinates,  and  not  the  slope  of  the  tangent.  (Similarly,  we  do  not  attri¬ 
bute  the  convex  part  of  the  light  curves  to  a  superposition  of  low-yield 
photosynthesis  upon  persisting  high-yield  photosynthesis,  but  to  a  decrease 
in  the  average  yield.) 

In  this  way,  we  can  deduce  from  the  sigmoid  light  curves  only  a  lower 
limit  of  the  maximum  quantum  yield  (this  limit  being  given  by  the  slope 
of  the  tangent  to  the  curve  that  passes  through  the  origin  of  the  coordi¬ 
nates).  This  limit,  derived  from  French’s  light  curve  of  Streptococcus 
various,  is  about  7lim  =  0.11. 


In  Fiench  s  study  of  Spirillum  rubrum  (193/ 2),  the  yield  was  measured 
by  the  uptake  of  carbon  dioxide.  As  mentioned  above,  the  light  curves 
showed,  in  this  case,  no  initial  curvature;  their  slope  corresponded  to  a 
quantum  yield  of  the  order  of  0.06  to  0.07.  These  values  were  termed 
umeliable  by  french  because  of  inexact  determinations  of  light  absorp¬ 
tion.  Subsequently,  however,  yields  of  similar  magnitude  were  found  in 
several  investigations  by  the  Dutch  group  (Wassink,  Katz  and  co-workers), 
n  their  measurements,  the  initial  concavity  of  the  light  curves  often  was 
only  slight,  and  did  not  affect  essentially  the  calculated  quantum  yield. 

thp^T1"3^  “k  (1938)  measured  the  quantum  yield  of  photosyn¬ 
thesis  by  Thiorhodaceae,  with  thiosulfate  serving  as  a  reductant  and 

29  VITT1  °nS°  T  ^  aS.hght  source-  The  results  are  shown  in  Table 
ne  notices  that  these  organisms  have  a  very  strong  dark  meta- 


Table  29. VIII 


Quantum  Yields  of  Carbon  Dioxide  Reduction 
_  WITH  Thiosulfate  as  Reductant  (after  Eymers 


Light 

source 


Intensity. 

10’  X 

erg/cm.  2  see. 


Cesium  (850- 

890  mM) .  5.2  to  83 

Sodium  (590  m^u).  12  to  105 


_  aC02 

in  light 


+30  to  -121 
+  12  to  -302 


AC02 
in  dark 


+47  to  -1 
+55  to  —4 


‘  Quanta/ molecule  C02. 

n  old  cultures,  l/7  values  up  to  175  were  observed. 


by  Purple  Bacteria 
and  Wassink  1938) 


1/7° 


9.2  to  35  0.03  to  0.109 

8.8  to  33 6  0.03  to  0.114 
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holism,  which  makes  the  exact  evaluation  of  the  quantum  yield  difficult, 
the  largest  y  values  ever  observed  by  Eymers  and  Wassink  were  about 
0.11. 

In  a  subsequent  investigation  from  the  same  laboratory  (Wassink,  Katz 
and  Dorrestein  1942),  a  summary  of  additional  y  determinations  for  the 
same  species  ( Chromatium  D)  was  given,  which  included  values  obtained 
at  two  different  pH  values  and  with  hydrogen  as  well  as  with  thiosulfate 
as  reductant.  They  are  shown  in  Table  29. IX.  The  figures  are  described 

Table  29. IX 


Quantum  Yields  of  Chromatium  under  Different  Conditions 
(after  Wassink,  Katz  and  Dorrestein  1942) 


Reductant 

pH 

Temp., 

°  C. 

Quantum  yields,  \/y 

Determi¬ 

nations 

Limits 

1/7 

7 

Thiosulfate .  .  . 

G.3 

29° 

12 

8.5-13.8 

10.9 

0 . 092 

Thiosulfate .  .  . 

6.3 

19° 

1 

— 

12.8 

0.079 

Hydrogen .... 

6.3 

29° 

7 

8.5-16.0 

11.4 

0.088 

Hydrogen .... 

7.6 

29° 

6 

10.6-15.4 

12.6 

0.080 

Hydrogen .... 

7.6 

22° 

1 

— 

12.1 

0.083 

as  having  been  calculated  from  ACO2,  and  (ACO2  +  AH2)  values  of  the 
order  of  50  or  100  mm.3/hr.  According  to  the  figures  in  text  of  the  paper, 
this  means  light  intensities  of  the  order  of  1000-3000  erg/cm.2  sec. 

Sapozhnikov  (1937)  concluded,  from  his  own  not  further  described  measurements, 
that  the  quantum  yield  of  C02  reduction  by  Thiorhodaceae  is  1.0.  The  scepticism  one  is 
bound  to  feel  about  an  experimental  finding  so  in  variance  with  all  other  observations  in 
the  field  is  not  reduced  by  the  thermodynamic  treatment  the  author  uses  to  make  Ins 
results  plausible.  He  argues  that  the  light  energy  required  to  reduce  carbon  dioxide  de¬ 
pends  on  the  oxidation-reduction  potential  of  the  medium  in  which  the  reduction  takes 
place.  Experimentally,  he  found  this  potential  (in  the  medium  in  which  bacteria  have 
lived  for  a  while)  to  be  positive  enough  for  the  reduction  of  carbon  dioxide  to  be  possi  1  e 
with  only  40  kcal/mole  extra  free  energy.  He  suggested  that,  for  the  same  reason,  t  ie 
photosynthesis  of  green  plants  could  also  require  only  one  quantum  per  molecule  ot 
carbon  dioxide.  Sapozhnikov’s  argument  ignores  two  facts:  (a)  that  free  energy  is 
also  needed  to  establish  and  maintain  the  high  positive  redox  potential,  which  he  sug- 
gcsts  does  exist  in  photosynthesizing  cells;  and  (i.)  that  photosynthesis  is  not  "'crely  re¬ 
duction  (of  carbon  dioxide)  but  also  oxidation  (of  water,  or  of  the  other  reductants  used 
by  bacteria),  and  11, at  whatever  one  can  gain  in  energy  required  for  reduction  only  means 
that  correspondingly  more  energy  is  required  for  oxidation. 

Rieke  (1949)  determined  the  quantum  yield  of  the  green  alga  Scenedes- 
mm,  which  was  adapted  (by  anaerobic  incubation)  to  the  use  of  molecular 
hydrogen  as  reductant  (cf.  Vol.  1,  chapter  6  He  io.md._bot  >  m  4  ,4  0, 
ami  in  0.025  M  KHCOs,  quantum  yields  of  between  7  -  0  0-  “  _  ' 

i.  e„  close  to  those  determined  for  ordinary  photosynthesis  in  the  same 
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species.  These  yields  could  be  measured  at  light  intensities  up  to  7000 
erg/ cm.2  sec.;  at  the  higher  intensities,  transition  to  ordinary  photosyn¬ 
thesis  occurred  too  rapidly. 

4.  Quantum  Yield  of  Oxygen  Liberation  by  Isolated  Chloroplasts 

French  and  Rabideau  (1945)  measured  the  quantum  yield  of  the  “Hill 
reaction”  (photochemical  oxygen  production  from  ferric  oxalate  solution, 
sensitized  by  a  chloroplast  suspension).  This  reaction  was  described  in 
chapter  4  (Vol.  I)  as  possibly  representing  “one  half  of  photosynthesis” — 
namely,  photoxidation  of  water,  with  the  ferric  salt  instead  of  carbon  di¬ 
oxide  serving  as  oxidant.  Chloroplast  suspensions  were  obtained  from 
spinach,  or  from  Tradescantia,  by  maceration  and  centrifugation,  and  ad¬ 
ded  to  0.5  M  K2C204  +  0.01  M  FeNH4(S04)2  +  0.02  M  K3Fe(CN)6.  The 
solution  also  contained  0.20  M  sucrose  and  0.17  M  sodium  sorbitol  borate 
buffer.  A  10%  NaOH  solution  was  present  in  a  side  arm  of  the  manome- 
tric  vessel  to  absorb  carbon  dioxide  (which  could  be  produced  by  respira¬ 
tion).  Figure  29.7  shows  the  course  of  pressure  changes  in  a  Warburg  ap- 


Fig.  29.7.  Gas  liberation  in  light  from  suspension  of 
spinach  chloroplasts  (after  French  and  Rabideau  1945). 


paratus  filled  with  this  mixture.  The  light  used  was  a  red  band  at  660- 
7  ^  a  maximum  at  685  m/i.  The  measurements  were  made  at 

10  C.  Table  29.X  gives  some  typical  results  obtained  with  chloroplasts 
from  spinach.  Material  from  Tradescantia  gave  somewhat  lower  yields. 

The  quantum  yields  varied  between  0.013  and  0.080,  or  between  12  and 
/8  quanta  per  molecule  of  liberated  oxygen.  The  average  was  7  =  0  042 
for  chloroplasts  from  spinach,  and  7  =  0.030  for  chloroplasts  from  Trades- 
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Table  29. X 

Quantum  X  ield  of  Oxygen  Evolution  by  Illuminated  Chloroplast  Suspensions 


from  Spinach  (After  French  and  Rabideau  1945) 


Chloroplast 

chlorophyll, 

mg./vessel 

Light 
intensity, 
micro  cal/ 
cm.2/ min. 

Fraction 
of  light 
absorbed 

Quantum 

yield, 

y 

Quanta 

required/02 

molecule, 

1/7 

Estimated 
error,  % 

0.15 

9.0 

0.72 

0.068 

15 

10 

0.15 

3.15 

0.71 

0.064 

16 

5 

0.34 

3.25 

0.83 

0.030 

33 

20 

0.39 

3.3 

0.88 

0.022 

46 

20 

0.10 

3.32 

0.57 

0.080 

12 

5 

0.10 

3.04 

0.51 

0.037 

27 

20 

0.003 

4.13 

0.56 

0.033 

31 

20 

0.103 

4.18 

0.545 

0.013 

78 

20 

0.09 

1.6 

0.33 

0.058 

17 

20 

0.045 

2.8 

0.47 

0.031 

38 

5 

0.090 

2.8 

0.79 

0.036 

28.0 

5 

cantia  (in  the  same  set-up,  a  value  of  y  =  0.092  was  found  for  live  Chlorella). 
No  clear  change  of  y  with  light  intensity  was  noticeable  in  the  range  used 
(1400-6000  erg/cm.2  sec.,  of  which  33-72%  was  absorbed  by  the  suspen¬ 
sion). 

These  quantum  yields  of  the  Hill  reaction,  although  markedly  lower 
than  the  quantum  yield  of  photosynthesis  in  vivo,  were  nearer  the  latter 
than  the  (much  higher)  yields  of  the  chlorophyll-sensitized  photoxidations 
in  vivo  ( cf .  Yol.  I,  page  513,  and  chapter  35). 

The  considerable  variability  of  the  y  values  of  the  Hill  reaction  may  be 
caused,  at  least  in  part,  by  rapid  deterioration  of  the  material.  Several 
runs,  made  in  succession  with  one  batch,  usually  showed  rapidly  declining 


yields. 

New  measurements  of  the  quantum  yield  of  the  Hill  reaction,  in  whole 
Chlorella  cells  and  in  chloroplasts  from  Phytolacca  americana,  were  carried 
out  by  Ehrmantraut  (1951).  They  were  made  relative  to  the  ethyl  chloro- 
phyllide-thiorea  actinometer;  two  measurements  of  the  quantum  lequiie- 
ment  of  photosynthesis  in  carbonate  buffer  served  as  an  additional,  if 
rough  check  on  the  actinometer,  since  there  is  general  agreement  that  this 
requirement  is  l/7o  =  10  *  2.  The  results  (table  29.XI)  are  much  more 
consistent  than  those  of  French  and  Rabideau.  They  were  further  con¬ 
firmed  by  five  quantum  yield  measurements  with  quinone  m  whole  Chlo¬ 
rella  cells  using  a  monochromator  (X  669  mu)  and  a  bolometer  which  gave, 
for  1/7,  the  values:  10.2;  9.9;  9,3;  10.8;  and  12.0  (average:  10.4) 

These  values,  obtained  in  acid  medium  (pH  6.5),  throw  indirect  light 
on  the  problem  of  the  quantum  yield  of  photosynthesis.  Various  kinetic 
evidence  points  to  the  Hill  reaction  having  both  the  primary  photochemic a 
process  and  the  rate-limiting  dark  reaction,  in  common  with  photosynthe- 
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Table  29. XI 

Quantum  Requirement  of  the  Hill  Reaction  (after  Ehrmantraut  and  Rabino- 

WITCH  1951) 


(Incident  Light  Flux  1.5  X  10~7  Einstein  per  Min.;  t  =  10°C.;  200  y\.  Cells) 


Material 

Oxidant 

Quantum  requirement 

Chlorella 

0.5  mg.  quinone  in  3 

cc. 

12 

12 

.4 

6 

12 

.6 

13 

.1 

13 

.1 

12 

.8 

Av. 

12 

.8 

Chlorella 

1.0  mg.  quinone  in  3 

cc. 

13 

.5 

13 

.4 

14 

.8 

13 

.3 

Av. 

13 

.8 

Chloroplasts 

1.0  mg.  quinone  in  3 

cc. 

9 

3 

(from  Phytolacca  atnericana ) 

10 

2 

11. 

5 

11. 

.4 

10. 

,6 

Av. 

10. 

.6 

Same 

Hill’s  solution 

12. 

7 

Same 

Ferricyanide 

11. 

0 

Chlorella 

Carbon  dioxide  (No. 

9 

11. 

3 

carbonate  buffer) 

13. 

0 

Av. 

12. 

2 

sis.  It  would  be  remarkable,  under  these  conditions,  if  equality  of  the 
quantum  requirement  of  the  Hill  reaction,  in  whole  cells  as  well  as  in  chloro- 
plast  fragments,  with  the  quantum  requirement  of  photosynthesis  in  alka¬ 
line  buffers,  were  to  turn  out  purely  coincidental.  It  seems  unlikely  that 
quantitatively  the  same  damage  (as  measured  by  a  supposedly  “sub¬ 
standard”  quantum  yield)  would  have  been  inflicted  on  the  photochemical 
apparatus  by  such  diverse  treatments  as  immersing  cells  into  alkaline 
medium,  poisoning  them  with  quinone,  and  smashing  them  mechanically 
and  separating  chloroplasts  fragments.  A  much  more  plasusible  hypothesis 
is  that  the  photochemical  apparatus  survives  all  these  treatments  without 
severe  damage,  and  that  the  quantum  requirement  of  10  ±  2  represents  the 

mnLTTr  °f  "!e  efficien°y  of  the  comm°n  primary  photochemical 
proc  ess,  1  he  quantum  requirements  of  <8,  reported  by  Warburg  and 

Burk  for  photosynthesis  in  acid  media,  are  the  only  ones  which  do  not  fit 

mto  this  picture.  Whether  this  discrepancy  is  caused  by  a  systema“ 

experimental  error,  as  suggested  by  Emerson  and  co-workers,  or  to  the  sub 

stitution,  for  true  photosynthesis,  of  a  partial  reversal  o!  respiration 

=rTqtZmber  °f  “  <**’  *  «  ^dcpeXfTd 
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5.  Maximum  Quantum  Yield  in  Relation  to  Light  Curves  as  a  Whole 

W  hile  much  time  and  ingenuity  have  been  invested  in  measuring  the 
yield  ot  photosynthesis  in  very  weak  light  in  order  to  determine  directly 
the  maximum  quantum  yield,  no  comparable  effort  has  been  made  to  ex¬ 
tend  these  measurements  to  higher  light  intensities  and  to  connect  them 
with  the  determination  of  the  general  shape  of  the  light  curve,  described 
in  chapter  28.  This  hiatus  is  worth  filling  in. 

Pitfalls  and  corrections  that  loom  large  in  the  interpretation  of  experi¬ 
mental  results  obtained  in  very  weak  light  gradually  fade  into  unimpor¬ 
tance  as  light  intensity  increases.  If  the  light  curves,  P  =  f  (/),  are  smooth 
curves  of  a  comparatively  simple  and  analytically  expressible  form,  it 
should  be  possible  to  determine  the  initial  slope  of  these  curves  (i.  e.,  I/70) 
by  extrapolation  from  reliable  observations  in  comparatively  strong  light. 
At  least,  it  should  be  possible  to  use,  as  an  additional  criterion  of  reliability 
of  measurements  in  very  weak  light,  the  requirement  that  they  should  be 
compatible  with  the  results  of  measurements  further  up  the  light  curve. 

Reversing  the  above  argument,  the  reliability  of  results  obtained  in 
strong  light,  can  sometime  be  judged  by  inquiring  into  their  compatibility 
with  the  quantum  yield  measurements  in  weak  light. 


(a)  Extrapolation  of  Maximum  Quantum  Yield  from  Measurements 
at  Higher  Light  Intensities 


Many  empirical  light  curves  appear  to  be  practically  straight  lines  up 
to  comparatively  high  light  intensities.  If  this  straight  line  passes  through 
the  zero  point  of  coordinates,  it  seems  safe  to  assume  that  its  slope  actually 
represents  t  he  maximum  quantum  yield  of  photosynthesis  undei  the  condi¬ 
tions  to  which  the  light  curve  refers.  Probably,  a  more  reliable  value  of 
7o  can  be  derived  from  this  slope  than  from  single  points  measured,  with  all 
possible  accuracy,  near  the  origin  of  the  coordinates,  where  the  per  cent 
error  of  measurements  is  high  and  the  respiration  correction  is  larger  than 


the  total  measured  gas  exchange.  .  .  r  . 

Whether  the  slope  of  light  curves  which  appear  as  straight  lines 
passing  through  the  zero  point,  can  be  used  to  determine  the  quantum 
yield  is  less  certain.  Such  a  determination  implies  the  assumption  that 
an  increment  of  absorbed  light  energy  produces  an  increment  ot  t me  photo¬ 
synthesis  while  the  photochemical  process  (or  processes)  responsible  foi 
the  curvature  of  the  light  curve  near  the  zero  point  continue  at  the  same 

rMtp  all  light  intensities  above  the  turning  point. 

wlrburg  Burk  and  co-workers  (1949,  1950),  and  Moore  and  Duggar 
(1949)  determined  the  quantum  yield  of  photosynthesis  from  the  ratio 
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the  increment  of  oxygen  production  and  the  increment  of  absorption, 
in  the  region  above  the  compensation  point,  and  noticed  no  systematic 
difference  between  the  values  obtained  in  this  way,  and  these  determined 
in  low  light  (in  other  words,  the  light  curve  appeared,  in  these  experi¬ 
ments,  as  a  straight  line  passing  through  the  zero  point).  Kok  (1948, 
1949),  on  the  other  hand,  found  for  P  =  f{I),  a  straight  line  passing  above 
the  zero  point,  and  concluded  that  the  quantum  yield  of  true  photosyn¬ 
thesis  is  lower  than  that  of  a  photochemical  process  (“photorespiration”) 
which  predominates  in  low  light,  is  light-saturated  in  the  neighborhood  of 
the  compensation  point,  and  runs  at  the  same  saturation  speed  at  all  the 
higher  intensities.  Finally,  French,  and  Wassink  et  al.,  working  with  purple 
bacteria,  found,  in  moderate  light,  approximately  straight  light  curves, 
whose  linear  extrapolation  passed  below  the  zero  point.  He  used  the  slope 
in  medium  light  to  calculate  the  “true”  quantum  yield  of  bacterial  photo¬ 
synthesis — on  the  assumption  that  in  weak  light  a  photochemical  process 
occurs  which  either  causes  no  consumption  of  hydrogen  and  carbon  dioxide 
at  all,  or  does  it  with  a  much  higher  quantum  requirement  than  bacterial 
photosynthesis  in  stronger  light.  In  this  case,  too,  the  “low  light  process” 
is  supposed  to  continue  at  the  same  rate  at  all  intensities  above  its  light 
saturation. 

The  upward  curvature  of  the  light  curves  of  bacterial  photosynthesis 
seems  to  be  a  generally  encountered  phenomenon,  but  the  occurrence  of  an 


accentuated  downward  curvature  (or  even  of  a  sharp  turn)  of  the  light 
curves  oi  ordinary  photosynthesis  near  the  compensation  point,  remains 
controversial.  Equally  open  to  doubt  are  assertions  that  the  light  curves  of 
photosynthesis  (with  or  without  a  break  in  the  compensation  region)  re¬ 
main  linear,  above  this  region,  almost  up  to  saturation.  At  least,  the 
most  precise  experiments  in  this  field— e.g.,  those  by  Emerson  and  Lewis- 
showed  neither  of  the  two  phenomena,  but  indicated  that  the  light  curves 
gradually  bend  downward  with  increasing  light  intensity,  the  first  signs  of 

curvature  being  noticeable  even  at  light  fluxes  of  the  order  of  only  1  kenr/ 
cm.2  sec.  &/ 


buch  curves  are  most  easily  interpreted:  we  recall  that  all  kinetic 
mechanisms  analyzed  in  chapter  28  lead  to  hyperbolic  light  curves.  More 
complicated  kinetic  mechanisms  may  lead  to  light  curves  of  a  higher  order 
“7  *“*• lhesu  curve#  will  approach  the  limiting  slope  asymptoti- 

intensiTv  t!  ^  l°  be°°me  Straight  lines  at  any  «nHe  value  of  light 
entity  The  most  precise  method  for  determining  the  maximum  auan 

Xh?hrVVe"  '?  ‘°  “  the  yidds  ^stematicall  a  a  “,ncZ; 

'!'g  lnt?nslty  111  the  "tfon  where  deviations  from  linearity  are  snml 

-e -Irl^ Sri;?”1'’*  7  a<IW1Uately  «  *  7’ 
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A  more  ambitious  and  significant  undertaking  would  be  to  represent 
by  a  single  equation  the  whole  light  curve,  including  the  saturation  region, 
and  to  calculate  7a  from  the  yields  observed  in  high  light,  using  parameters 
such  as  the  maximum  yield  (Praax-),  and  the  half-saturating  light  intensity, 
i/J. 

\\  e  have  seen  in  chapters  27  and  28  that  theoretical  kinetic  curves 
representing  photosynthesis  as  a  function  of  the  supply  of  “reactants” 
(carbon  dioxide,  reductants,  light  quanta),  are  hyperbolae,  even  when  rather 
complicated  mechanisms  are  postulated,  as  long  as  no  “third-order”  reac¬ 
tions  [such  as  2  CO-2  -f  A  ->  A(C02)2,  or  Chi  -f  2  hv  ->  Chi**]  are  consid¬ 
ered,  and  not  more  than  two  successive  reaction  steps  are  postulated  be¬ 
tween  the  external  supply  of  the  reactant  and  the  “rate-determining”  step. 
(For  example,  in  the  case  of  the  carbon  dioxide  factor,  simultaneous  con¬ 
sideration  of  diffusion  and  carboxylation  leads  to  a  hyperbolic  carbon  dioxide 
curve;  but  if  one  more  supply  step  is  interpolated,  the  resulting  equation 
is  of  the  third  order.) 

The  knowm  light  curves  are  much  too  unreliable  to  permit  a  useful  in¬ 
quiry  into  the  question  whether  they  actually  are  hyperbolae  ( cf .  section 
7/,  chapter  28) .  If  it  wrere  possible  to  demonstrate,  by  new  and  more  pre¬ 
cise  measurements,  that  the  light  curves  are  hyperbolic,  then  each  curve 
could  be  determined  completely  by  three  points,  i.  e.,  values  of  P  at  three 
knowm  values  of  I. 

Parameters  such  as  70  (b  the  initial  slope),  1  /J  or  Pmax  could  replace 
one  measurement  each.  The  general  equation  of  a  hyperbolic  light  curve 
in  terms  of  70,  t/J  and  P1IUIX  is: 

P  /270 1/2-b _ pi  =  70  1 

(29.5)  pmax.  _  P  '  \( pma.x.J  pmax.  —  p  jDrnax 


(This  equation  is  obtained  from  the  general  equation  of  a  hyperbola  by 
transformation  to  a  set  of  coordinates  with  origin  in  a  point  on  the  hyperbola 
and  the  abscissa  parallel  to  the  asymptote  at  a  distance  -Pmax  from  the 


latter.)  _ 

In  treating  several  particularly  simple  mechanisms  in  chapters  2  /  and 

28,  wre  obtained  light  curves  (or  carbon  dioxide  curves)  that  obeyed  an  q\  en 
simpler  relation: 


(2<>.6.)  p/(pmax.  _  p)  =  cOllSt.  X  / 

Or;  P /{P max.  ~  P)  =  COllSt.  X  [CO>] 

Comparison  shows  that  this  simplification  means  the  disappearance  of 
the  ly‘  term  in  (29.5),  i.  e.,  the  validity  of  the  relation: 


(29.6a)  •»  " 

The  relationship  provides  a  simple  way  to  check  whether  the  kinetic 
mechanism  is  of  corresponding  simplicity. 
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Whenever  this  is  the  case,  and  equation  (29.6)  is  obeyed,  differentiation 
with  respect  to  /  shows  that  the  quantum  requirement,  1/y,  is  a  linear 
function  of  light  intensity,  with  1  /Pmax‘  as  the  slope: 

(29.7)  1/7  =  l/7o  +  (I/P"**-) 

The  question  arises  whether  the  experimental  value  oi  l/y  is  a  linear 
function  of  the  intensity  of  irradiation  and,  if  so,  whether  the  slope  of  the 
corresponding  straight  line  is  equal  to  the  inverse  of  the  saturation  value 
of  photosynthesis  in  strong  light,  i/pmax 


Figure  29.8  represents  an  attempt  to  apply  equation  (29.7)  to  the 
—  r'  ^  7  Emel'SOn  and  LeWis  (1943)  and  of  Warburg  (1948) 

meornoVtr  ifT'  *“  *** f  t0,decide  whether  they lie  ™  a  ***** 

bne  .  much  h.gher  than  in  the  case  of  Emerson’s  measurements^ ?ind 2 S 
mud,  more  rapid  decline  of  quantum  yield  with  the  intensity  of  ilhimina! 
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tion).  1  he  abscissae  in  figure  29.8  are  frequencies  of  absorption  of  light 
quanta  by  each  chlorophyll  molecule  (total  number  of  quanta  absorbed  by 
the  suspension  in  unit  time,  divided  by  the  number  of  chlorophyll  molecules 
present).  The  slope  of  the  Warburg  curve,  equated  with  1/Pmax-,  indi¬ 
cates  a  maximum  production  of  one  oxygen  molecule  per  chlorophyll  mole¬ 
cule  in  about  10  minutes;  the  slope  of  the  Emerson-Lewis  curve,  the  pro¬ 
duction  of  one  oxygen  molecule  per  chlorophyll  molecule  in  about  1  minute. 

Table  28.  Y  shows  that  the  actual  maximum  yield  in  Chlorclla  in  steady 
light  is  of  the  order  of  one  molecule  oxygen  per  molecule  chlorophyll  in  30 
seconds.  A  rapid  decline  of  the  apparent  quantum  yield  with  I  is  consistent 
with  the  assumption  that  Warburg’s  values  were  affected  by  the  inclusion 
of  the  carbon  dioxide  gush,  since  the  relative  importance  of  this  gush  must 
decrease  rapidly  with  increasing  light  intensity  (as  was  suggested  on 
page  1103). 

Franck  (1949)  suggested  that  the  rapid  drop  of  l/y0  in  Warburg’s 
experiments  with  increasing  light  intensity,  is  an  indication  that  they  re¬ 
flect  a  gradual  replacement  of  a  4-quanta  process  (half-way  reversion  of 
respiration),  by  an  8-quanta  process  (true  photosynthesis). 

On  page  1104,  we  described  the  more  recent  experiments  of  Warburg, 
Burk  and  co-workers,  who  claimed  that  the  highest  quantum  yields  are 
obtainable  by  intermittent  illumination  (which  prevails  in  very  rapidly 
agitated,  dense  Chlorella  suspensions).  If  this  were  true  (it  was  men¬ 
tioned  on  page  1106,  that  the  results  of  experiments  in  flashing  light  do  not 
support  the  contention  of  Warburg  and  Burk),  then  the  relationship  be¬ 
tween  quantum  yield  and  the  (average)  light  intensity  must  be  more  com¬ 
plicated  than  was  envisaged  in  the  above  derivations. 


(b)  Quantum  Yields  in  Strong  Light 

It  was  suggested  above  that  the  yields  of  photosynthesis  given  for  high 
light  intensities  should  not  contradict  the  results  obtained  in  quantum 
yield  measurements  in  weak  light.  What  we  meant  can  be  illustrated  by 
the  following  examples  taken  from  the  work  of  Willstatter  and  Stoll  (1918). 

\ccordino-  to  figure  32.2,  green  leaves  of  Sambucus  nigra  reduce  carbon 
dioxide,  at  6000  line,  at  a  rate  of  about  0.23  mg./cm*  hr.  or  1.44  X  K>- 
mole/cm.2  sec.  Since  1  lux  corresponds  roughly  to  a  flux  of  5  eig/cm.  sec. 
in  the  region  400-700  mM  ( cf .  chapter  25,  page  838),  and  about  80%  of  this 
flux  is  absorbed  by  a  single  leaf,  we  can  calculate,  for  the  energy  conversion 

factor: 

(1.44  X  10-9  X  112  X  103)  cal  =  n 
i  =  ((il<703  X  5  X  0.24  X  10 "7  X  0.8)  cal 
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which  corresponds  to  a  quantum  yield  of  about  0.13  (assuming  550  m^  as 
average  wave  length).  In  fig.  32.2,  the  yellow  leaves  ot  Sambucus  are  shown 
to  reduce,  at  3000  lux,  0.067  mg.  C02/cm.2  hr.,  or  4  X  lO"10  mole/cm.2 
sec.  These  leaves  contain  less  than  one  tenth  the  chlorophyll  present  in 
green  leaves  of  the  same  species.  Measurements  such  as  those  represented 
in  figure  22.10  indicate  that  the  aurea  leaves  absorb,  in  the  region  above 
500  m n,  not  more  than  20%  of  the  incident  energy.  (Blue  and  violet  light 
do  not  contribute  much  to  photosynthesis  in  artificial  light;  cf.  page  1163.) 
Thus,  the  energy  conversion  factor  of  the  yellow  leaves,  can  be  estimated  as : 

-  ^  (4  X  10-10  X  112  X  103)  cal  _ 

e  (3  X  103  X  5  X  0.24  X  10^7  X  0.4)  cal. 

corresponding  to  a  quantum  yield  of  about  0.14. 

Similar  difficulties  arise  in  the  interpretation  of  some  of  the  maximum 
yields  of  photosynthesis  listed  in  Table  28. V  (0.8  or  0.9  mg.  CCh/cm.2  hr.). 
As  far  as  can  be  judged  from  the  known  light  curves  of  land  plants,  it  seems 
safe  to  presume  that  saturation  yields  can  be  obtained  in  light  of  the  order 
of  40,000  lux.  A  yield  of  0.9  mg.  CCb/cm.2  hr.  at  40,000  lux  means  an  av¬ 
erage  quantum  yield  of  the  order  of  0.1,  obtained  in  a  region  of  almost  com¬ 
plete  light  saturation! 

These  estimates  contain  too  many  approximations  to  be  used  as  quanti¬ 
tative  arguments  against  the  upper  limit  0.10  ±  0.02  for  the  quantum  yield 
of  photosynthesis;  but  they  show  that  it  would  be  well  to  extend  future 
investigations  of  the  quantum  yield  to  the  leaves  of  higher  plants — partic¬ 
ularly  those  of  the  aurea  varieties — and  to  cover  the  entire  length  of  the 
light  curves. 


6.  Theoretical  and  Actual  Maximum  Quantum  Yield 

All  kinetic  theories  of  photosynthesis  agree  that  the  (approximately) 
linear  lower  part  of  the  light  curves  corresponds  to  the  state  in  which  the 
primary  photochemical  process  is  so  slow  that  the  nonphotochemical  reac¬ 
tions— the  “preparatory”  as  well  as  the  “finishing”  ones-can  supply  the 
materials  and  transform  the  products  of  this  process  without  delay  It 
may  thus  seem  as  if  the  maximum  quantum  yield,  calculated  from  the 

'ctuallv  tJPl  °  f  ''f  ‘  CU‘'VeS’  Sh°Uld  be  e'1Ual  t0  the  ™«iber  of  quanta 
f,  f  needed 1  for  photosynthesis  (except  for  the  practically  negligible 

act, on  lost  by  fluorescence).  The  fact  that  the  experimentally  determined 

maximum  quantum  yields  often  are  much  lower  than  0  1  shows  that  in 

^^^^1  aPPa;r'  °r  PartS  °f  «*»  ”»  a  noneffi- 
’  l'  aU!se  the  loss  of  tlle  predominant  fraction  of  all  the 
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absorbed  light  quanta.  In  “aged”  cell  suspensions,  in  particular,  the 
maximum  quantum  yield  can  be  much  smaller  than  in  healthy  young  cells 
(c/*  fig-  28.13).  Ihe  reasons  for  this  inactive  state  are  as  yet  unknown  and 
may  lie  in  nutritional  or  enzymatic  deficiencies  (we  recall,  for  example, 
van  Hille’s  experiments  on  the  revival  of  photosynthesis  in  aged  Chlorella 
cultures  by  a  fresh  supply  of  N2)  or  in  the  obstruction  of  catalytic  surfaces 
by  narcotizing  metabolites  (“chlorellin” ;  cf.  page  880).  Under  the  action 
of  external  narcotics  (cf.  fig.  28. 9C)  the  initial  slope  of  the  light  curves  is 
clearly  depressed,  i.  e.,  no  full  quantum  yield  can  be  obtained  even  in  ex¬ 
tremely  weak  light.  This  must  be  attributed  to  the  inactivation  of  a  cer¬ 
tain  proportion  of  chlorophyll  complexes,  probably  by  adsorption  of  the 
narcotic ;  the  light  quanta  absorbed  by  these  complexes  remain  unavailable 
for  photosynthesis. 

An  interesting  question — not  yet  investigated  experimentally — is 
whether  a  “substandard”  quantum  yield  can  be  corrected,  at  least  par¬ 
tially,  by  an  increase  in  temperature.  If  the  low  yield  is  caused  by  some 
nonphotochemical  process  that  has  become  so  slow  as  to  depress  the  rate  of 
photosynthesis  even  in  very  weak  light,  heating  should  accelerate  this 
process  and  thus  improve  the  yield;  but,  if  the  inefficiency  is  caused  by 
the  fact  that  a  certain  proportion  of  the  photosensitive  chlorophyll  com¬ 
plexes  are  inactive  (partially  decomposed,  or  obstructed  by  adsorption), 
heating  might  have  no  effect  on  the  yield. 

Another  interesting  question  is  whether,  even  in  the  case  when  all 
photosensitive  catalytic  complexes  are  fully  efficient,  the  experimental 
maximum  quantum  yield  must  correspond  exactly  to  the  number  of  quanta 
actually  used  in  the  reduction  of  carbon  dioxide. 

This  question  is  raised  by  consideration  of  schemes  28. 1  A, B  and  28.11, 
all  of  which  envisage  a  competition  between  stabilizing  “forward  reactions 
and  primary  or  secondary  back  reactions.  Examples  of  primary  back  reac¬ 
tions  are  (28.20a',  28.21a'  and  28.41a');  examples  of  secondary  back  reac¬ 
tions  are  (28.20d  and  28.2 Id). 

In  scheme  28.IA,  the  “rate-determining”  reaction  is  (28.20b),  and  tne 
rate  is  given  by  equation  (28.23).  The  quantum  yield  is: 

(29.9)  P//0  =  P/k*I  Chlo  =  nkr[AC02]/(k'  +  MACOd) 

The  maximum  quantum  yield  (reached  when  [AC02]  =  A0)  *s: 

(29  10)  To  =  &rAo  n/(k'  +  UA0) 

In  scheme  28.11,  the  rate  is  described  by  equation  (28.42),  and  the 
maximum  quantum  yield  is  given  by  equation  (28.4.J) . 
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(29.11)  70  =  dP/d(k*  Chlo/)  =  keEun/(k'  + 

In  (29.9),  the  “forward”  reaction  of  HX  Chl-Z  with  AC02  competes 
with  the  primary  back  reaction  (conversion  to  X- Chi  HZ);  in  (29.11) 
the  stabilizing  “forward”  reaction  of  AHC02  - Chi -A'HO  with  the  catalyst 
Eb  competes  with  the  back  reaction  (conversion  to  AC02Chl- A'H20). 
In  either  case,  the  “theoretical”  quantum  yield,  n,  can  be  closely  ap¬ 
proached  only  if  the  ratio  k'/k,A)  (or  k'/ke EB)  is  much  smaller  than  1. 

Recognition  that  the  maximum  observable  quantum  yield  may  be  smaller 
than  the  theoretical  quantum  yield,  n,  was  first  reached  in  the  derivations 

of  Franck  and  Herzfeld  (1941)  (c/.  their  Table  1).  The  reaction  mecha- 

* 

nism  used  by  them,  although  more  complicated  than  the  ones  considered 
here,  also  was  based  on  competition  between  stabilizing  forward  reaction 
and  back  reactions  of  the  immediate  reduction  products. 

The  analytical  expressions  may  be  more  complicated,  but  the  essential 
result  also  remains  the  same  if  the  effective  back  reaction  is  a  secondary 
one,  such  as  (28.21d).  If  this  reaction  competes  with  the  forward  trans¬ 
formation  of  the  intermediate  reduction  product  AHC03  by  the  catalyst 
Eb  (or  of  the  intermediate  oxidation  product  A'HO  by  the  catalyst  Ec), 
the  fraction  of  the  products  that  undergoes  back  reaction  will  remain  finite 
even  when  the  forward  reactions  have  the  maximum  possible  rate  con¬ 
stants,  i.  e.,  when  the  full  available  amounts  of  the  relevant  catalysts  are 
free  and  can  be  utilized  for  transformation  (as  is  the  case  in  weak  light). 
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THE  LIGHT  FACTOR.  III.  PHOTOSYNTHESIS  AND  LIGHT 
QUALITY;  ROLE  OF  ACCESSORY  PIGMENTS* 

1.  Action  Spectrum 

The  dependence  of  photosynthesis  on  the  spectral  quality  of  light  was 
the  subject  of  much  interest,  long  before  the  influence  of  light  quantity 
was  first  investigated.  As  early  as  1788,  Senebier  conducted  experiments 
on  carbon  dioxide  assimilation  in  double-walled  vessels,  filling  the  space 
between  the  walls  with  various  colored  solutions.  Since  then,  the  botanical 
literature  has  been  replete  with  observations  on  the  behavior  of  plants  in 
light  of  different  color.  (For  a  review  of  these  investigations,  see,  for  ex¬ 
ample,  Gabrielsen  1940.)  This  was  to  be  expected,  since  everything  con¬ 
nected  with  color  has  always  held,  and  still  holds  a  captivating  interest  for 
mankind,  even  though  in  scientific  photochemistry  the  qualitative  cate¬ 
gories  of  “red,”  “blue,”  “yellow”  or  “green,”  which  were  so  dear  to  Goethe 
(he  thought  them  to  be  the  “primary  phenomena”  of  optics),  have  been 
reduced  to  mere  quantitative  differences  between  the  energy  contents  of 
the  light  quanta. 

About  a  hundred  years  ago  the  effect  of  color  on  photosynthesis  be¬ 
came  a  topic  of  a  lively  discussion.  Its  subject  was  the  position  of  the 
maximum  of  photosynthetic  efficiency  in  the  solar  spectrum.  In  1844,  Draper 
found  that,  when  the  prismatic  spectrum  of  the  sun  was  thrown  upon  a 
plant,  the  largest  amount  of  oxygen  was  liberated  in  the  yellow-green  re¬ 
gion  ;  this  result  was  confirmed  by  such  authorities  in  plant  physiology  as 
Sachs  (1864)  and  Pfeffer  (1871) .  Sachs  pointed  out  that  the  yellow  is  also 
the  region  of  maximum  “luminosity”  of  light,  i.  e.,  of  maximum  effect  on 
the  human  retina.  He  himself  saw  in  this  only  a  coincidence;  but  other, 
less  cautious  authors  thought  that  such  a  correspondence  must  be  sig¬ 
nificant,  and  attempted  to  explain  it.  The  belief  that  photosynthesis  pro- 
ceecls  most  actively  in  green  light,  which  is  only  weakly  absorbed  by  chloro¬ 
phyll,  led  to  several  peculiar  hypotheses,  such  as  that  light,  eneigy 
usld  in  photosynthesis  at  all  (Pfeffer, 1871),  or  that  the  role  of  chlorophyff 
in  plants  is  merely  to  protect  the  carbon  dioxide-reducing  system  f.om 

iniurv  bv  light  (Pringsheim  1879,  1881,  1882). 

3  Thniriazev  (1869,  1875,  1877,  1885)  vigorously  fought  these  miscnn- 

*  Bibliography,  page  1188. 
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ceptions.  He  pointed  out  that  “luminosity”  is  an  anthropomorphic  no¬ 
tion,  without  meaning  in  objective  photometry,  that  utilization  of  light 
energy  is  the  essence  of  photosynthesis,  that  this  utilization  cannot  take 
place  unless  light  is  absorbed  by  a  sensitizing  pigment,  and  that  this  pig¬ 
ment  cannot  be  anything  but  chlorophyll.  Timiriazev  was  the  first  to 
use  the  concept  of  sensitization,  a  phenomenon  then  recently  discovered 
by  Vogel  and  Becquerel,  in  the  discussion  of  photosynthesis. 

A  similar  point  of  view  was  taken  by  several  physicists,  e.  g.,  Jamin, 
Becquerel  and,  particularly,  Lommel  (1871,  1872).  The  latter  pointed  out 
that  the  basic  principle  of  photochemistry,  known  as  Herschel’s  law  (“no 
photochemical  action  without  light  absorption”),  requires  that  the  spec¬ 
tral  maximum  of  photosynthetic  efficiency  coincide  with  the  absorption 
maximum  of  the  sensitizing  pigment.  Timiriazev  (1869,  1875),  Muller 
(1872),  Engelmann  (1882)  and  Reinke  (1884)  gave  experimental  proofs  of 
this  coincidence,  by  showing  that  the  photosynthetic  efficiency  of  green 
plants  decreases  steadily  from  red  through  yellow  to  green,  parallel  with 
the  decline  in  absorbing  capacity  of  chlorophyll.  The  error  of  Draper, 
Sachs  and  Pfeffer  was  attributed  by  Timiriazev  to  the  use  of  spectrally 
impure  light.  (Timiriazev  himself  employed  light  isolated  by  a  mono¬ 
chromator  with  a  narrow  slit,  and  used  microanalytical  methods  to  com¬ 
pensate  for  the  weakness  of  illumination.)  Engelmann  suggested  that  the 
error  may  have  resulted  from  the  use  of  thick  leaves  or  thalli,  which  ab¬ 
sorb  light  practically  completely  even  in  the  minima  between  the  absorp¬ 
tion  bands  of  chlorophyll.  (He  worked  with  microscopic  plant  objects, 
using  motile  bacteria  for  the  detection  and  determination  of  oxygen.) 

Engelmann  (1882)  noticed  that,  in  addition  to  the  main  maximum  in 


the  red,  the  photosynthetic  “action  spectrum”  of  green  plants  has  a  second 
maximum  in  the  blue  or  violet,  which  he  associated  with  the  strong  ab- 
soiption  band  of  chlorophyll  in  this  region.  This  perfectly  natural  conclu¬ 
sion  became  the  subject  of  one  of  the  most  vitriolic  controversies  in  the 
history  of  photosynthesis;  it  was  contested  even  by  such  enlightened  plant 
physiologists  as  Reinke  (1884)  and  Timiriazev  (1885).  Particularly  violent 
were  the  criticisms  Pringsheim  (1886)  directed  against  Engelmann’s  method 
and  his  results;  and  Engelmann  (1887)  answered  these  attacks  in  language 
seldom  encountered  in  the  pages  of  scientific  journals,  even  in  the  quarrel- 
some  nineteenth  century.  At  the  same  time,  Engelmann  also  sharply 
rebuked  Timiriazev  for  his  attempt  (1885)  to  identify  the  main  maximum 
of  spectroscopic  efficiency  of  photosynthesis  with  the  energy  maximum  of 
the  solar  spectrum.  Timiriazev  saw  in  this  alleged  coincidence  a  striking 

triumph  IrgT  °f  OTgTmS  *°  the  preVaiHn«  conditionsb  and  thus  a 

ddence  of  tie  t  man  ^  Engelmann  answered  that  a  coin¬ 
cidence  of  the  two  maxima  cannot  be  postulated  without  deliberately 
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twisting  expei imental  evidence:  Direct  sunlight  has  an  energy  maximum 
in  the  yellow  and  not  in  the  red,  as  the  action  spectrum  of  photosynthesis; 
and  the  energy  maximum  of  diffuse  sky  light,  which  is  the  second  com¬ 
ponent  of  the  natural  “light  field”  of  land  plants,  lies  even  further  towrard 
the  blue-violet  end  of  the  spectrum.  In  this  controversy,  too,  Engelmann 
was  undoubtedly  right.  Looking  backward,  one  cannot  but  admire  the 
unfailing  correctness  of  his  conclusions,  obtained  by  means  of  an  experi¬ 
mental  method  most  investigators  would  hesitate  to  use  even  for  qualita¬ 
tive,  not  to  speak  of  quantitative,  purposes.  Engelmann  not  only  estab¬ 
lished  correctly  the  general  parallelism  between  the  action  spectrum  of 
photosynthesis  and  the  absorption  spectrum  of  chlorophyll ;  he  also  clearly 
understood  the  influence  on  both  spectra  of  the  optical  density  of  the 
specimen.  His  conclusions  concerning  the  photosynthetic  efficiency  of  the 
carotenoids  and  phycobilins,  long  neglected,  appear  well  on  the  way  to 
vindication  sixty  five  years  later. 

Much  of  the  controversy  between  Engelmann  and  his  opponents  can  be 
attributed  to  a  lack  of  understanding  of  what  is  meant  by  “action  spec¬ 
trum.”  A  primitive  definition  can  be  based  on  the  above-mentioned 
simple  experiment  of  Draper :  A  spectrum  is  thrown  on  a  plant  or  cell  sus¬ 
pension,  and  photosynthesis  is  measured  in  different  spectral  bands  of 
equal  width.  Such  an  experiment,  performed  with  a  prism  in  artificial 
light,  may  easily  lead  to  the  belief  that  the  action  spectrum  of  photosyn¬ 
thesis  has  only  one  maximum,  because  the  energy  of  most  artificial  light 
sources  declines  rapidly  toward  the  violet  end  of  the  spectrum,  while  the 
dispersion  of  the  prism  increases  in  the  same  direction.  Both  factors  co¬ 
operate  in  causing  a  rapid  decline  of  the  yield  of  photosynthesis  (related  to  a 
given  spectral  band  width)  as  one  proceeds  from  the  red  to  the  violet;  this 
decline  may  more  than  offset  any  increase  caused  by  the  renewed  rise  in 
the  absorption  capacity  of  chlorophyll  in  the  blue-violet  region. 

Obviously,  this  definition  of  the  “action  spectrum”  is  arbitrary  and  ir¬ 
relevant.  An  improved  definition  can  be  obtained  by  using  light  fluxes 
of  equal  intensity  at  all  wave  lengths,  which  can  be  achieved,  e.  g .,  by  ap¬ 
propriate  variation  of  the  width  of  the  monochromator  slit,  or  insertion  of 
neutral  gray  filters.  By  using  such  methods,  Kohl  (1897,  1906),  von  Rich¬ 
ter  (1902)  and  Kniep  and  Minder  (1909)  were  able  to  confirm  Engelmann’s 
finding  of  the  existence  of  a  second  maximum  in  the  action  spectrum  of 
photosynthesis,  at  the  short-wave  end  of  the  visible  region. 

However,  even  an  action  spectrum  obtained  by  the  use  of  spectral 
bands  of  equal  energy  is  not  universal,  i.  e.,  it  cannot  claim  validity  for  all 
plants,  not  even  for  all  specimens  of  a  given  species  (e.  g.,  all  Chlorella  sus¬ 
pensions).  The  first  cause  of  variability  of  “equienergetic  action  spectra 
is  the  varying  composition  of  the  pigment  system  (c/.  chapter  15);  but 
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even  for  plants  with  identical  contents  of  all  pigments  (or  suspensions  of 
identical  cells)  the  action  spectrum  still  depends  on  two  individual  factors. 
The  importance  of  one  of  them— the  optical  density  of  the  sample— was 
recognized  by  Engelmann :  In  a  thick  leaf  or  thallus,  or  a  dense  cell  sus¬ 
pension,  the  absorption  spectrum  and  the  action  spectrum  both  are  blurred; 
in  the  limiting  case  of  complete  absorption  (approximately  realized  in 
Warburg  and  Negelein’s  quantum  yield  experiments;  cf.  chapter  25,  page 
844),  the  action  spectrum,  too,  may  lose  all  structure. 

The  second  factor  that  affects  the  action  spectrum  of  an  individual  plant 
or  cell  suspension  (without  affecting  its  absorption  spectrum)  is  the  in¬ 
tensity  of  illumination.  If  one  would  use  monochromatic  light  of  such  high 
intensity  as  to  obtain  full  light  saturation  at  all  wave  lengths,  the  rate  of 
photosynthesis  (which,  in  the  light-saturated  state,  is  determined  only  by 
the  velocity  of  a  dark  process)  will  become  identical  in  all  parts  of  the 
spectrum.  The  structure  of  the  action  spectrum  will  appear  as  soon  as  the 
intensity  of  illumination  is  reduced  below  the  saturating  value.  Since  the 
saturating  intensity  depends  on  wave  length  (cf.  sect.  4),  the  shape  of  the 
action  spectrum  will  change  with  decreasing  light  intensity,  until  the  latter 
will  fall  within  the  practically  linear  range  for  all  wave  lengths.  The 
initial  divergence  and  ultimate  convergence  of  light  curves  in  light  of  dif¬ 
ferent  color  is  illustrated  by  figure  30. 8B  obtained  by  Gabrielsen  (1940) 
with  green  leaves  of  Sinapis  alba. 


In  the  low  intensity  range,  the  shape  of  the  action  spectrum  becomes 
constant,  and  the  spectrum  thus  acquires  a  definite  significance.  Here — 
and  only  here  can  the  action  spectrum  be  compared  quantitatively  with  the 
absorption  spectrum  of  the  specimen,  and  the  question  asked  whether  the 
specific  photochemical  efficiency  depends  on  wave  length. 

First,  however,  a  “quantum  correction”  must  be  applied.  According 
to  Einstein  s  law  of  photochemical  equivalency,  one  has  reason  to  expect 
equal  numbers  of  absorbed  quanta  of  different  wave  length  to  produce  the 
same  photochemical  effect,  but  not  equal  quantities  of  absorbed  energy. 
Thus,  action  spectra  have  to  be  “quantized,”  i.e.  expressed  in  moles  per 
einstein,  rather  than  in  moles  per  erg  or  calorie.  In  the  linear  region  it  is 
legitimate  to  convert  the  “equienergetic”  action  spectrum  into  the  “quan¬ 
tized  spectrum  simply  by  dividing  all  ordinates  by  the  corresponding 

"  a"  G  lengths‘  In  the  saturation  range,  this  is  impossible,  and  the  quantized 
action  spectrum  can  be  obtained  only  by  direct  experiment  (i.  e.,  by  measur¬ 
ing  the  rate  in  bands  of  equal  intensity  expressed  in  einsteins  per  square 
centimeter  per  second),  because  here  the  shape  of  the  action  spectrum  de- 
pends  on  intensity,  and  spectral  bands  that  have  equal  intensity  if  meas- 
in  energy  umts  have  different  intensities  if  measured  in  einsteins 
maximum  quantum  yield  of  photosynthesis  is  the  same  for  all 
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wave  lengths,  the  quantized  action  spectrum  can  be  expected  to  parallel 
exactly  the  absorption  spectrum;  the  “equienergetic”  action  spectrum, 
on  the  other  hand,  will  always  be  askew,  with  blue-violet  light  appearing 
ceteris  paribus  less  efficient  than  red  light. 

If  the  quantized  action  spectrum  determined  from  measurements  in 
low  light,  differs  markedly  from  the  absorption  spectrum,  this  is  a  definite 
indication  that  quanta  of  different  wave  length  have  different  photochemi¬ 
cal  effects  in  photosynthesis.  Recent  determinations  of  the  quantum 
yield  of  green  and  colored  algae  in  monochromatic  light,  carried  out  by 
Emerson  et  al.,  Dutton  and  Manning,  and  Blinks,  have  established 
the  existence  of  such  differences,  and  made  speculations  as  to  their  origin 
legitimate.  Similar  conclusions  have  been  drawn  previously  from  experi¬ 
ments  under  badly  controlled  conditions,  in  which  broad  spectral  bands 
(isolated  by  means  of  colored  glass  filters)  and  unknown  light  intensities 
were  used.  Conclusions  drawn  from  experiments  of  this  type,  e.  g.,  by 
Montfort,  have  sometimes  proved  partially  correct,  but  comparison  of 
Montfort’s  confused  discussions  with  the  concise  presentation  of  Emerson 
and  Lewis,  and  Dutton  and  Manning  gives  a  most  eloquent  demonstration 
of  the  progress  that  can  be  achieved  in  plant  physiology  by  the  use  of  better 
physicochemical  tools. 

The  explanation  of  the  effect  of  wave  length  on  the  maximum  quantum 
yield  of  photosynthesis  can  be  sought  in  three  phenomena:  (a)  in  the 
composite  nature  of  the  pigment  system  and  the  (qualitatively  or  quantita¬ 
tively)  different  photochemical  functions  of  the  individual  pigments,  (b) 
in  the  multiplicity  of  the  excited  electronic  states  of  chlorophyll,  two  (oi  thiee) 
of  which  are  involved  in  the  light  absorption  in  the  visible  spectrum  (c/. 
fig.  21.20) ;  and  (c)  in  the  influence  that  vibrational  energy,  acquired  by  the 
sensitizer  together  with  electronic  excitation,  may  have  on  its  sensitizing 
action.  The  first  factor  causes  the  rate  of  photosynthesis  in  different  spec¬ 
tral  regions  to  be  affected  by  the  apportionment  of  the  absorbed  light 
energy  to  the  several  pigments,  while  the  second  and  third  factors  can 
cause  changes  in  efficiency  with  wave  length,  even  in  light  absorbed  by  a 


single  pigment 


Thus  the  study  of  the  effect  of  wave  length  on  photosynthesis  should 
*—1  _ ar.rl  rmant.itative  determination  of  the  role  of 


tion. 
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In  addition  to  wave  length,  the  quality  of  light  is  characterized  by  its  'polarization. 
Almost  universally,  no  attention  has  been  paid  to  this  characteristic  in  the  study  of  the 
relationship  between  light  and  photosynthesis.  Dastur  and  Asana  (1932)  and  Johnson 
(1937)  found  no  difference  in  the  rate  of  photosynthesis  in  ordinary  and  linearly  polar¬ 
ized  light  of  the  same  intensity;  but  Dastur  and  Gunjikar  (1934)  observed  a  marked 
deficiency  in  the  absorption  by  leaves  of  elliptically  polarized  light,  and  later  (1935) 
also  a  similar  deficiency  in  the  synthesis  of  carbohydrates.  Although  we  may  doubt 
t  he  correctness  of  these  results,  it  must  be  borne  in  mind  that  birefringence  of  the  chlo- 
roplasts  (c/.  Vol.  I,  p.  362)  and  the  correlated  dichroism  may  conceivably  lead  to  dif¬ 
ferences  in  the  capacity  to  utilize  light  of  a  different  state  of  polarization.  However, 
only  a  very  weak  dichroism  has  been  observed  in  the  chloroplasts  in  the  natural  state 
(cf.  Vol.  I,  p.  366). 


2.  Quantum  Yield  and  Wave  Length  in  Green  Plants. 

Role  of  Carotenoids 


In  chapter  29,  we  discussed  the  maximum  quantum  yield  of  photosyn¬ 
thesis  in  green  plants,  without  paying  much  attention  to  the  quality  of 
light  used  for  its  determination,  in  the  tacit  assumption  that  it  is  either 
altogether  immaterial  or  has  only  a  secondary  influence.  Quantum  yield 
measurements  with  Chlorella  in  monochromatic  light  were  first  carried  out 
by  Warburg  and  Negelein  (1923).  The  results  are  shown  in  Table  30.1. 
The  quantum  yield  in  blue  light  is  somewhat  higher  than  in  red  light,  if 
referred  to  the  (estimated)  absorption  by  chlorophyll  alone,  and  somewhat 
lower,  if  referred  to  the  total  absorption  by  all  pigments. 

If  we  assume  that  the  relative  yields  of  Warburg  and  Negelein  in  dif¬ 
ferent  spectral  regions  are  significant  (even  though  their  absolute  values 
had  been  questioned  by  Emerson  et  al. ;  cf.  chapter  29),  the  figures  in  Table 
30.1  point  to  a  participation  of  the  carotenoids  as  sensitizers  in  photosynthe¬ 
sis,  but  with  an  efficiency  inferior  to  that  of  the  chlorophylls. 


Table  30.1 

_ _ Quantum  Yields  (after  Warburg  and  Negelein  1923) 

. _ Lieht  X,  mM  ~  ~  - - 

. 610-690  T23  - 

S"? .  023  0:54 

BhT .  °' 21  0.44 

-  — ^ _ 0-286  0 . 486 

°  Referred  to  all  pigments.  6  Referred  to  chlorophyll  alone.  ~~ 

,  .  farburg  rePeated  his  quantum  yields  measurements  25  years 

OanTo  Wint946’  ^  ^  T”  f°U1’d  *  —hat  lower  yield  (y= 
With  X  S*t  eXPenmentS)  blUe  light  (X  -  436  “pared 
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Briggs  (1929)  made  yield  determinations  in  light  of  three  colors  and 
obtained  the  results  listed  in  Table  30. IA. 


Table  30. IA 

Photosynthesis  5ieli>  of  Leaves  in  Colored  Light  (after  Briggs  1920) 

Yield,  ml.  O2/5OO  cal  incident  light 


Species  Yellow  light  Green  light  Blue  light 


Phaseolus  vulgaris . 14-17  9-11  7-8 

Ulmus,  yellow .  8.8  6.5  5.3 

green .  —  20  12 

Sambucus  nigra .  8.7  9.3  8.7 

Sambucus  nigra .  —  19.0  15.0 


These  results  obtained  at  light  intensities  5-10  times  stronger  than 
those  used  by  Warburg  and  Negelein,  show  the  expected  decline  in  the 
energy  conversion  yield  with  decreasing  wave  length  (the  experiment  with 
Sambucus  is  an  exception).  In  other  words,  the  “equienergetic”  action 
spectrum  is  askew  as  expected.  The  decline  from  yellow  to  blue  is,  how¬ 
ever,  somewhat  stronger  than  could  be  explained  by  the  quantum  correc¬ 
tion  (the  ratio  of  the  yields  in  yellow  and  blue  is  1.8  to  2.0,  instead  of  1.4), 
again  indicating  a  somewhat  lower  quantum  yield  in  the  region  of  absorption 


by  carotenoids. 

Wurmser  (1925)  found,  for  Ulva  lactuca,  a  much  higher  quantum  yield 
in  the  green  than  in  the  red,  and  a  comparatively  low  yield  in  the  blue; 
but  these  results  cannot  be  considered  reliable  (c/ .  page  1118).  Gabrielsen’s 
data  for  Sinapis  alba  (1935),  summarized  in  Table  30.III,  (p.  1162)  are 
more  significant.  The  relation  between  the  quantum  yields  in  the  red  and 
blue  is  similar  to  that  found  by  Warburg  and  Negelein,  and  thus  allows  a 
similar  interpretation.  The  value  in  the  green— which,  in  contrast  to 
Wurmser’s  result,  is  lower  than  in  the  red — may  perhaps  be  taken  as  an 
indication  that  the  yellow-green  filter  used  by  Gabrielsen  transmitted 


much  light  absorbed  by  the  carotenoids. 

The  only  extensive  investigation  of  the  quantum  yield  of  photosynthe¬ 
sis  in  a  green  plant  as  a  function  of  wave  length  was  carried  out  by  Emerson 
and  Lewis  (1941,  1943)  with  Chlorella  pyrenoidosa.  They  used  bands 
from  5  to  15  my  wide,  obtained  by  means  of  a  powerful  monochromator 
Figure  30. 1  shows  the  results.  The  scattering  of  the  points  is  indicative  ot 
limitations  to  which  the  biological  “standardization”  of  cell  cultures  is  sub¬ 
ject.  Despite  this  scattering,  it  appears  certain  that  the  yield  is  approxi¬ 
mately  constant  between  580  and  685  mM.  (The  authors  believe  that  the 
shallow  minimum  at  660  my  is  real;  for  its  suggested  interpretation,  see  page 
1155)  Below  580  my,  the  vield  declines  considerably,  reaches  a  minimum 
S  rn! “  d  then  recovers.'  Roughly,  the  depression  of  the  quantum  y.eld 
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curve  in  the  green,  blue  and  violet  covers  the  regions  where  carotene,  luteol 
and  other  carotenoids  contribute  markedly  to  the  light  absorption  by 
Chlorella.  An  attempt  at  a  quantitative  interpretation  of  the  7  curve  meets 
with  some  difficulties.  Figure  22.44  shows  that,  if  the  absorption  by  the 
carotenoids  is  calculated  on  the  basis  of  extract  spectra  (by  shifting  all 
bands  to  make  their  maxima  coincide  with  the  absorption  peaks  of  live 
cells),  significant  participation  of  carotenoids  in  light  absorption  cannot  be 


expected  above  540  mg.  Thus  the  decline  in  y,  which  first  begins  at  580 
^  cannot  be  attributed  to  the  carotenoids,  unless  one  assumes  that  in 
the  hr  mg  cell,  their  absorption  bands  are  not  merely  shitted  but  so  stromrlv 
broadened  as  to  extend  up  to  580  mg.  The  minimum  in  tl  "gb 
yield  curve,  at  490  mg,  corresponds  satisfactorily  to  the  maximum  oi  c ,,m" 
tenoid  absorption,  according  to  fig.  22.44  (mom  exactly  “The^ center Tf 

die  camtLoids  cant'016"01?  bUt  °n6  n°ticeS  that  in  this  region 

tenoids8  th  the°Car°; 

entirely  inefficient,  ^  cmoiopnyll,  they  are  not 
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One  may  argue  that,  if  the  absorption  band  of  the  carotenoids  in  vivo 
is  strongly  broadened  (as  suggested  above),  the  maximum  of  this  band  may 
be  much  lower  than  in  vitro  (since  the  area  of  the  band — which  is  pro¬ 
portional  to  the  probability  of  the  corresponding  electronic  transition — 
is  not  likely  to  be  much  affected  by  the  state  of  the  pigment) .  Consequently 
the  proportion  of  light  absorbed  by  carotenoids  in  the  region  of  the  7  mini¬ 
mum  may  be  smaller  than  estimated,  thus  reducing  the  discrepancy 
between  this  proportion  (supposedly,  60%)  and  the  deficiency  in  7  (25%). 


Fig.  30.2.  Comparison  of  total  absorption  of  Chlorella  with  the  absorption  ac¬ 
tive  in  photosynthesis  (after  Emerson  and  Lewis,  1943). 


It  is  unlikely,  however,  that  this  discrepancy  can  be  completely  elimi¬ 
nated  by  this  correction,  i.e.,  that  the  assumption  of  a  strongly  broadened 
and  flattened  absorption  band  of  the  carotenoids  will  permit  the  explana¬ 
tion  of  the  quantum  yield  curve  on  the  basis  of  complete  inefficiency  of  the 
carotenoids.  The  average  quantum  yield  deficiency  between  400  and  580 
mM  according  to  figure  30.1,  is  about  15%;  the  average  contribution  of  the 
carotenoids  to  light  absorption  in  the  same  region,  according  to  figure 
22.44,  is  close  to  30%.  Broadening  of  the  absorption  band  is  more 
likely’  to  increase  than  to  decrease  the  latter  value.  Thus,  the  most  likely 
conclusion  to  be  drawn  from  the  results  of  Emerson  and  Lewis  is  that  the 
sensitizing  efficiency  of  the  carotenoids  in  Chlorella  is  not  zero,  but  abou 
one  half  that  of  chlorophyll.  , 

It  need  hardly  be  stressed  that  all  conclusions  of  this  type  are  piediea 
on  the  assumption  of  a  uniform  distribution  of  the  Puente  and  would 
have  to  be  revised  if  it  were  demonstrated  that  some  pigments  form  color 
screens”  between  the  external  light  source  and  the  other  pigmen  s. 
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The  sharp  decline  in  quantum  yield,  which  sets  in,  according  to  figuie 
30.1,  above  680  m/x,  will  be  discussed  in  section  5. 

Figure  30.1  was  obtained  with  a  dense  suspension,  which  absorbed 
practically  completel}'  at  all  wave  lengths.  Emerson  and  Lewis  also  made 
measurements  with  a  thinner  suspension,  which  transmitted  about  one 
half  of  incident  light,  to  be  able  to  compare  directly  the  “action  spectrum 
of  photosynthesis  in  Chlorella  with  the  absorption  spectrum  of  the  same 
specimen.  Figure  30.2  shows  the  results.  The  two  curves  were  drawn 
to  coincide  at  660  m/x.  They  show  a  significant  divergence  above  690  and 
below  570  m/x.  The  lower  position  of  the  action  curve  in  the  green,  blue 
and  violet  illustrates  the  relative  inefficiency  of  the  carotenoids;  but  the 
comparative  narrowness  of  the  gap  between  the  two  curves  confirms  the 
conclusion,  reached  above,  that  the  carotenoids  are  not  entirely  inefficient. 


The  total  absorption  was  measured  directly;  “active”  absorption  was  calculated 
from  photosynthesis  on  the  assumption  that  all  light  used  for  photosynthesis  gives  a 
quantum  yield  of  0.084.  This  value  was  chosen  to  give  agreement  between  the  two 
curves  in  the  red,  where  all  absorption  is  assumed  to  be  active.  The  half  widths  of  the 
bands  used  are  shown  on  the  figure.  The  cells  used  in  the  run  covering  the  red  part  of 
the  spectrum  were  from  a  separate  culture. 


The  relatively  low  sensitizing  efficiency  of  the  carotenoids  of  green 
plants  in  photosynthesis,  indicated  by  these  experiments,  may  be  either  a 
uniform  property  of  all  pigments  of  this  group,  or  it  may  be  an  average, 
e.  g.,  some  carotenoids  may  be  as  efficient  as  the  chlorophylls,  while  others 
are  entirely  inactive.  On  the  basis  of  the  absorption  analysis  in  figure  22.44 
it  seems  unlikely  that  the  inactive  fraction  of  the  yellow  pigments  does  not 
consist  of  carotenoids  at  all,  but  is  formed  by  pigments  such  as  flavones  or 
anthocyanines. 


It  can  be  argued  that  the  shape  of  the  quantum  yield  curve  below  570 
mu  could  also  be  explained  by  assuming  that  a  complete  inefficiency  of 
carotenoids  is  partly  compensated  by  an  enhanced  efficiency  of  chlorophyll. 
I  he  possible  difference  between  the  photochemical  functions  of  chlorophyll 
m  the  three  excited  states  (corresponding  to  the  blue-violet,  orange  and 
ie  band  systems,  respectively)  is  an  important  problem.  The  available 
evidence  gives  little  indication  of  such  a  difference.  In  chapters  21  (page 
634)  and  23  (page  748)  we  concluded,  from  the  excitation  of  the  same  red 

cxdted  toTh  ^  tby  ‘lght  °f  ""  WaVe  lengths’ that  cl'l°'-°Phyll  molecules, 
excited  to  the  electronic  states  A  or  B,  are  rapidly  transferred,  by  a  radia- 

t  on  ess  process,  into  the  lowest  electronic  excitation  state,  V  ^which  is 

<-  uppei  state  of  the  red  fluorescence  band).  However  on  nun-  7t9 

concluded  from  Livingston’s  data,  that,  in  the  case  of  the  blue-violet ’  ai? 

sorption  band,  the  yield  of  this  transformation  is  far  less  tlmn  W0%- 
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in  other  words,  that  the  fate  of  a  large  proportion  of  chlorophyll  molecules 
in  state  A  is  different  from  transfer  into  state  Y  (e.g.,  they  may  undergo 
transition  into  a  metastable  state;  cf.  scheme  23.1).  Whether  this  is  true 
not  only  of  chlorophyll  in  solution  but  also  of  chlorophyll  in  the  living 
cell  remains  uncertain. 

In  vivo,  direct  photochemical  dissociation  of  chlorophyll  by  blue-violet 
light  appears  even  less  likely  than  in  vitro  (in  consideration  of  the  known 
photostability  of  chlorophyll  in  the  living  cell).  True,  the  yield  of  chloro¬ 
phyll  fluorescence  in  vivo,  as  a  function  of  wave  length  of  the  exciting  light 
(represented  in  fig.  24. 5A),  shows  a  slight  decline  at  the  violet  end  of  the 
spectrum ;  but  this  decline  is  most  likely  due  to  the  presence  of  carotenoids, 
and  not  to  a  decreased  efficiency  of  light  absorbed  by  chlorophyll  itself. 
As  a  matter  of  fact,  figure  24. 5A  was  interpreted  on  page  814  as  an  indica¬ 
tion  that  the  fluorescence  of  chlorophyll  in  Chlorella  can  be  excited — al¬ 
though  with  reduced  efficiency — also  by  the  light  quanta  absorbed  by  the 
carotenoids;  and  this  interpretation  of  the  fluoresence  curve  is  in  agree¬ 
ment  with  Emerson  and  Lewis’  quantum  yield  curve  of  photosynthesis. 
(However,  the  fluorescence  curve  in  figure  24. 5 A  shows  no  minimum  at 
490  mju,  which  is  so  prominent  in  the  quantum  yield  curve  in  figure  30.1.) 

To  sum  up,  the  results  of  the  quantum  yield  studies  of  both  photosyn¬ 
thesis  and  fluorescence  are  best  explained  by  the  assumption  that  a  con¬ 
siderable  fraction — of  the  order  of  one  half— of  the  quanta  absorbed  by  the  carot¬ 
enoids  in  green  plants  is  passed  over  to  chlorophyll,  transferring  the  latter  into 
state  Y.  Therefore,  these  quanta  can  be  used  in  the  same  way  as  those 
absorbed  directly  by  chlorophyll,  either  for  photosynthesis  or  for  fluor¬ 
escence.  It  is  furthermore  likely  that  most  or  all  blue-violet  quanta 
absorbed  directly  by  chlorophyll  are  utilized  for  conversion  into  the  fluore¬ 
scent  state  Y. 

Quantum  yield  measurements  of  Noddack  and  Eichhoff  (1939)  and 
Eichhoff  (1939)  covered  only  the  range  above  515  m/x  and  therefore 
reveal  nothing  concerning  the  function  of  the  carotenoids.  Iheii  only 
interesting  feature  is  the  high  yield  in  the  infrared;  therefore  they  will  be 
discussed  in  the  next  section. 

The  action  spectrum  of  the  green  alga  Ulva  taeniata,  measured  po  aro- 
graphically  by  Haxo  and  Blinks  (1950),  is  represented  in  figure  30.11A, 
and  is  in  general  agreement  with  the  results  of  Emerson  and  Lexus. 


3.  Photosynthesis  of  Green  Plants  in  Ultraviolet  and  Infrared 

The  extension  of  the  photosynthetically  active  region  into  the  ultra¬ 
violet  has  not  been  studied  by  systematic  quantum  yield 
monochromatic  light,  although  it  seems  to  be  generally  assumed  that 
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yield  drops  rapidly  at,  or  only  a  little  beyond,  the  violet  end  of  the  visible 
spectrum  (400  m/z). 

In  vitro,  the  chlorophyll  absorption  extends  throughout  the  near  and 
medium  ultraviolet  (cf.  fig.  21.3).  Whether  other  common  components 
of  the  plant  cells,  which  absorb  in  this  region,  interfere  with  the  light  sup¬ 
ply  to  chlorophyll  (by  acting  as  “screens”),  we  do  not  know  (this  could 
perhaps  be  elucidated  by  fluorescence  measurements).  Ursprung  (1917, 
1918)  found  evidence  of  photosynthesis  in  Phaseolus  vulgaris  down  to  330 
him;  Hoover  (1937)  and  Burns  (1942)  observed  it  in  Triticum  at  365  m /x. 
Gabrielsen  (1940)  calculated  a  yield  of  about  1  mg.  CCb/SO  cm.2  hr.  as  the 
possible  contribution  of  the  ultraviolet  part  of  the  solar  spectrum  to  the 
photosynthesis  of  leaves  of  Sinapis  and  Corylus. 

Johnson  and  Levring  (1946)  found  with  six  marine  algae  (green  and  red), 
a  decline  in  respiration  by  about  1  mg.  02  per  hr.  per  g.  dry  weight  (deter¬ 
mined  by  Winkler’s  methods)  in  near-ultraviolet  light  (366  m/u,  intensity 
5  X  10 _4  cal. /cm. 2  min.).  This  was  interpreted  as  evidence  of  photo¬ 
synthetic  effectiveness  of  this  light.  Further  in  the  ultraviolet  (260-320 
m/z,  intensity  about  equal  to  that  of  the  eiytheme-producing  radiation  in 
sunlight),  no  such  effect  could  be  observed. 

Light  below  300  m/x  is  highly  injurious  to  plants.  According  to  Meier 
(1932,  1934,  1936)  an  illumination  of  1000  erg/cm.2  sec.  kills  Chlorella 
cells  in  110  sec.  at  260  m^z,  and  in  10,000  sec.  at  302  m^z.  Preferential  in¬ 
hibition  of  photosynthesis  (with  the  cells  still  alive  and  respiring)  by  the 


ter  13,  Y  ol.  I,  page  344);  it  is  not  associated  with  a  visible  destruction  of 
chlorophyll. 


The  presence  of  yellow  pigments  (e.  g.,  flavones,  anthocyanines  or 
o  ier  hydrophilic  compounds,  which  may  be  present  either  in  t.hp  ppII 


■ith  to  scattering  (“false  absorption”). 
e-g-,  those  of  Noddack  and  Eichhoff 
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(fig.  22.21),  the  absorption  in  the  far  red  was  found  also  in  measurements 
purported  to  represent  “true”  absorption.  It  may  be  due  either  to  a 
genuine  broadening  of  the  red  chlorophyll  band,  or  to  the  presence  of  other, 
infrared-absorbing  components  ( e .  g.,  ferrous  salts).  The  question  of  the 
infrared  limit  of  photosynthesis  is  closely  associated  with  the  interpreta¬ 
tion  of  this  infrared  absorption  “tail.”  The  experimental  results  of  Emer¬ 
son  and  Lewis  (1943)  and  Blinks  and  Haxo  (1950),  on  the  one  hand,  and 
Eichhoff  (1939),  on  the  other  hand,  are  in  extreme  disagreement.  As 


Fig.  30.3.  Decline  in  quantum  yield  in  far  red  (after  Emerson  and  Lewis  1943). 
Points  show  apparent  quantum  yield  with  three  different  suspension  densities, 
calculated  for  equal  incident  light.  Solid  curve  extrapolated  for  true  yield,  (com¬ 
plete  absorption),  assuming  that  differences  between  the  curves  obtained  with 
different  suspensions  is  due  to  incomplete  absoiption. 


shown  in  figure  30.1,  Emerson  and  Lewis  found  a  sharp  drop  in  quantum 
yield  above  680  mix.  This  part  of  their  curve  is  reproduced  in  more  detail 
in  figure  30.3.  To  be  sure  that  the  decline  was  not  due  to  incomplete 
absorption  (we  recall  that  the  curve  in  figure  30.1  was  obtained  by  War¬ 
burg  and  Negelein’s  method  which  presupposes  total  absorption),  Emeison 
and  Lewis  made  determinations  with  several  suspensions  of  increasing  den¬ 
sity,  and  extrapolated  the  results  to  infinite  density;  the  result  is  repre¬ 
sented  by  the  solid  curve  in  figure  30.3.  It  shows  that,  even  with  a  gener¬ 
ous  allowance  for  incomplete  absorption,  there  still  remains  a  (  rop  i  Y, 
from  about  0.08  at  680  mix,  to  as  little  as  0.02  at  (30  m/i. 
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A  similar  decline  of  X  above  030  m/x  was  noted  by  Blinks  and  Haxo 
(1950)  in  the  green  alga  Ulva  taniata  (fig.  30. 11  A),  by  Emerson  and  Lewis 
(1941)  with  the  blue-green  alga  Chroococcus  (fig.  30.10A)  and  by  Tanada 
(1950)  with  the  diatom  Navicula  minima  (fig.  30. 9A).  Ehrmantraut  (1950) 
noted  the  same  phenomenon  in  the  Hill  reaction  in  Chlorella.  Livingston 
(cf.  chapter  23,  p.  752)  noted  a  drop  in  the  yield  of  the  chlorophyll  fluo¬ 
rescence  (in  ether  and  acetone)  in  the  same  spectral  region. 

Emerson  and  Lewis  suggested  that  the  decline  in  quantum  yield  on  the 
infrared  side  of  the  absorption  maximum  of  chlorophyll  a  (at.  680  m^u)  is 
repeated  on  the  red  side  of  the  absorption  peak  of  chlorophyll  b,  and  that 
this  is  the  explanation  for  the  shallow  minimum  in  the  y  curve  that  figure 
30.1  showed  near  660  m/x.  (The  absorption  maximum  of  chlorophyll  b  in 
vivo  must  be  situated  at  about  648  m/x;  cf.  chapter  22,  page  702.) 

It  may  be  pointed  out  in  passing  that  the  quantum  yield  curve  of  Emerson  and 
Lewis  provides  a  direct  argument  against  Seybold’s  (1941)  hypothesis  that  chlorophyll  b 
does  not  act  as  a  sensitizer  in  the  reduction  of  carbon  dioxide  at  all,  but  is  a  specific  sen¬ 
sitizer  for  the  polymerization  of  sugars  to  starch. 

In  sharp  contrast  to  the  results  of  Emerson  and  Lewis  are  those  of 
Noddack  and  Eichhoff  (1939)  and  Eichhoff  (1939),  who  found  (cf  Table 
30.11)  that  the  quantum  yield  of  Chlorella  remains  high  even  at  832.5  m/x. 


Table  30.11 

Quantum  \  ields  of  Chlorella  According  to  Eichhoff 


m/x 

7 

m/a 

y 

832.5 . 

780  . 

750  . 

725  .... 

685  . 

650  . 

622  .... 

598  . 

576.5  . 

558  . 

542  .... 

527.5  . 

515  ... 

F.gure  304  shows  a  comparison  of  the  action  spectrum  with  the  absorn- 
jon  spectrum  of  Chlorella,  according  to  Eichhoff;  the  two  curves  remain 
closely  parallel  far  above  680  my.  Even  if  we  doubt  the  correctness  of  the 

^"r/thesf  Ts  qu  rrr yields  (*  «-*  C 

A  r  h  Values  could  be  significant-*.  g„  it  would  not  he  af- 
e  y  Hn  erro^ ln  calibration  (suggested  on  page  1098).  One  possible— 

true  absorption,  while  others  hTve  lelatedtie^eldtoTe  sum" 

tion  and  scattering.  The  elucidation  of  ibi  Y  1  ?  S  0  absorP- 

because  of  the  theoretical  imphcMions  of  adedinel^-ywitllwave^lengt^as 
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observed  by  Emerson  and  Lewis,  and  Haxo  and  Blinks.  The  latter 
(1950)  observed,  in  the  action  spectrum  of  Ulva  (fig.  30.11),  a  decline 
in  the  far  red  quite  similar  to  that  found  by  Emerson  and  Lewis  with 
Chlorella.  Altogether,  the  weight  of  experimental  evidence  seems  to  be 
against  the  results  of  Noddack  and  Eichhoff.  This  is  remarkable,  because 
from  the  theoretical  point  of  view  one  would  rather  expect  the  quantum 
yield  to  remain  constant  within  the  red  absorption  band  of  chlorophyll. 
The  general  experience  in  photochemistry  is  that  wave  length  is  not  im¬ 
portant  for  the  photochemical  effect,  as  long  as  one  remains  within  a  single 
band  system,  even  if  this  system  extends  over  all  colors  of  the  rainbow. 
The  reason  is  that,  within  a  single  band  system,  the  electronic  excitation 
energy  is  constant,  and  all  excess  energy  absorbed  by  the  molecule  serves 


Fig.  30.4.  Action  spectrum  of  Chlorella  (after  Eichhoff  1939).  Scale  at  left 

represents  assimilation. 


merely  to  increase  its  vibrational  and  rotational  eneigy.  If  the  piimaq 
photochemical  process  is  the  dissociation  of  the  absorbing  mokeute.  the 
only  effect  of  variations  in  wave  length  is  that  the  dissociation  products 
separate  with  different  relative  velocities;  usually,  this  excess  energy  oes 
not  affect  the  ultimate  fate  of  the  dissociation  products,  because  it  lost 
i,v  collisions  before  the  next  reaction  step.  If  the  primary  photochemical 
niocess  is  electronic  excitation,  the  excess  vibrational  energy  acquired  by 
I  he  absorbing  molecules  also  will  usually  be  lost  before  the  occunence 
£  secondary  reaction.  However,  exceptions  to  tins  behavior  are ^  knowm 
In  some  cases  the  electronic  excitation  energy  is  too  small  g 

dissociation  without  the^  assistance  ^^^^p^o^iatio^  of 

nrge  molecule, "described  by  Fr'anck  and  Herzfeld,  1937,  and  considered 


PHOTOSYNTHESIS  OF  GREEN  PLANTS  IN 


ULTRAVIOLET  AND  INFRARED  1 1  *r)7 


in  chapter  18,  page  484,  as  a  possible  consequence  of  the  absorption  of 
blue-violet  light  by  chlorophyll).  In  other  cases,  the  presence  of  excess 
kinetic  energy  may  help  the  dissociation  products,  formed  in  a  tightly 
packed  medium,  to  escape  immediate  recombination  (Franck  and  Rabino- 
witch  1934).  In  still  others,  the  vibrational  energy  of  the  excited  elec¬ 
tronic  state  may  contribute  directly  to  chemical  activation;  this  is  par¬ 
ticularly  likely  in  cases  Avhen  the  reaction  partner  forms  a  complex  with  the 
absorbing  molecule,  so  that  no  energy-dissipating  collisions  intervene  be¬ 
tween  the  primary  and  the  secondary  photochemical  step. 

The  latter  explanation  could  be  suggested  for  a  decline  in  the  y  values 
of  photosynthesis  at  long  waves,  if  the  experimental  y  curve  would  indi¬ 
cate  that  a  certain  minimum  vibrational  energy  of  the  excited  electronic 
state  is  required  for  photosynthesis.  However,  according  to  Emerson  and 
Lewis,  the  decline  occurs  within  the  same  band  (and  not  upon  transition 
from  one  band  to  another,  e.  g.,  from  the  orange  to  the  red  band).  This  is 
difficult  to  understand,  since,  within  a  single  band,  the  absorption  leads 
everywhere,  not  only  to  the  same  electronic  state,  but  also  to  the  same  vi¬ 
brational  state  (at  least,  in  respect  to  high-frequency  band  vibrations). 

One  could  suggest  that  the  red  band  of  chlorophyll  is  not  a  single  band, 
but  contains  vibrational  bands  clustering  tightly  under  its  wings.  How¬ 
ever,  vibrational  bands  situated  on  the  infrared  side  of  the  main  electronic 
band  most  likely  originate  in  the  vibrating  states  of  the  ground  state,  and 
lead  to  the  same  excited  state  as  the  main  band ;  they  thus  offer  no  ex¬ 
planation  for  a  diminished  quantum  yield. 


Another  possibility  is  that  the  red  absorption  band  of  chlorophyll  conceals  a  band 
corresponding  to  a  different  electronic  transition.  In  figure  21 .20,  it  was  suggested  that  a 
comparatively  weak  band  Z0  ->  A0  is  hidden  under  the  strong  A'0  -*  Y0  band;  one  could 
suggest  that  absorption  in  the  far  red,  exhibited  by  live  cells,  is  caused  by  a  shift  of  the 
°  and/  father  than  by  an  extension  of  the  ->  F0  band.  One  could  also  sug- 

whii  if ’u  fi?  Se?eS,°t  transitions  -  A  X.  -o  X.  -  A, . the  latter  ones, 

winch  lead  to  the  mbrai.ng  states  A„A,,  and  give  rise  to  chlorophyll  bands  in  the  oranae 

and  TT’.T  f°"°Wed  by  radiati<»>less  transitions  into  state  Y,  while  the 
irst  one,  which  leads  to  the  nonvibrating  state  A,,  cannot  produce  the  same  result 

^  °f  th°  eXCHed  State)'  and  "  in  bring- 


Before  considering  any  of  these  hypotheses  too  seriously,  one  should 

LewL  I  d‘'0P  f  7.  a,b°Ve  680  m»’  obse™d  by  Emerson  and 

Vis,  is  not  due  to  a  more  trivial  cause,  such  as  scattering  (which  Emer 

son  and  Lewis  considered  unlikely);  to  the  presence  of  ferrous  salts  (or 

other  infrared-absorbing  inorganic  components) ;  or  the  presence  of  a  photo 

* . .  mo  mo,; 


1158 


THE  LIGHT  FACTOR.  III.  COLOR 


CHAP.  30 


urement  of  absorption  have  very  little  significance  because  of  the  well- 
established  rapid  drop  in  the  absorbing  power  of  leaves  in  this  region. 
Ihe  only  real  problem  is  whether  the  yield  of  photosynthesis  drops  pro¬ 
portionally  with  absorption,  or  more  rapidly  than  the  latter. 

Hoover  (1937)  was  able  to  observe  the  photosynthesis  of  wheat  up  to 
1 50  m/z  and  Burns  (1933,  1934),  that  of  different  conifers  up  to  740  mju. 


4.  Monochromatic  Light  Curves,  and  the  Action  Spectrum  of 

Photosynthesis  in  Strong  Light 


When  the  intensity  of  monochromatic  light  is  raised,  one  soon  reaches 
the  region  in  which  the  shape  of  the  action  spectrum  becomes  variable. 
The  light  curves  bend  earlier  or  later,  and  come  to  saturation  more  or  less 
suddenly,  depending  on  the  value  of  the  absorption  coefficient,  and  on  the 
optical  density  of  the  sample,  respectively.  It  was  postulated  above 
(page  1145)  that,  wrhen  all  curves  reach  saturation,  the  rate  must  become 
independent  of  wave  length,  and  the  action  spectrum  must  lose  all  structure. 
The  theoretical  and  experimental  foundations  of  this  postulate  will  be  con¬ 
sidered  later  (pp.  1162,  1165).  At  present,  we  will  assume  it  to  be  valid, 
and  consider  only  the  effect  of  wave  length  on  the  shape  of  the  transition 
from  the  linearly  ascending  part  of  the  light  curves  (the  slope  of  which  at  a 
given  wave  length  is  determined  by  the  product  of  absorption  coef¬ 
ficient  and  maximum  quantum  yield)  to  the  “saturation  plateau,”  the 
height  of  which  we  assume  to  be  independent  of  wave  length. 

The  effect  of  optical  density  on  light  curves  was  discussed  in  chapter  28, 
and  the  results  were  illustrated  by  the  schematic  figure  28.20.  A  change  in 
wave  length  is  equivalent  to  a  change  in  optical  density;  a  cell  suspension 
that  is  “thin”  in  green  light  becomes  “dense”  in  red  or  violet  light.  How¬ 
ever,  as  far  as  the  rate  of  photosynthesis  is  concerned,  transition  from 
green  to  red  light  is  not  in  all  respects  equivalent  to  an  increase  in  cell 
concentration,  since  the  saturation  level  remains  unchanged  in  the  first 
case,  but  increases  proportionately  with  the  number  of  cells  in  the  second 
case.  Thus,  the  result  of  a  change  from  strongly  absorbed  to  weakly  ab¬ 
sorbed  light  is  likely  to  be  more  similar  to  that  of  the  change  from  green  to 
aurea  leaves  ( cf .  fig.  32.2),  where  the  maximum  rate  is  approximately  the 


same  for  both  varieties. 

As  mentioned  before,  the  comparison  of  light  curves  at  different  wave 
lengths  should  be  carried  out  by  plotting  the  rate  against  i  »,  (num  ei  o 
incident  quanta/cm.2  sec.,)  rather  than  against  the  energy  flux, /,  in  erg 
(or  cal)/cm.2  sec.  Otherwise,  the  light  curves  for  the  shorter  waves  will 
remain  below  those  for  the  longer  waves,  even  if  the  photochemica 
ficiency  of  both  kinds  of  quanta  are  identical  (fig.  30.60).  An  example 


MONOCHROMATIC  LIGHT  CURVES 
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how  completely  the  “quantized”  light  curves  obtained  in  monochromatic 
light  of  different  color  coincide  in  their  initial  sections  is  given  in  figure  30.5. 

Although  the  two  uppermost  points  in  this  figure  fall  into  the  region  of 
beginning  saturation,  they  still  show  no  difference  between  the  light  curves 
in  green  and  red  light.  However,  a  divergence  of  these  two  curves  in  the 


INTENSITY,  einstein/cm2  min  ,  x  I07 

Fig.  30.5.  Photosynthesis  of  Chlorella  as  function  of  intensity  at  three 
wave  lengths  (after  Emerson  and  Lewis  1943). 


tig.  30.6.  Expected  shapes  of  monochromatic  light  curves.  (A)  P  vs  N,„  for 
total  absorption  A»,  (absorbed)  -  JV,„  (incident).  (B)  Same  for  incomplete 
absorpnon,  A,  (absorbed)  <  Nh,  (incident).  (C)  For  equal  absorption  equal 
quantum  yields  but  different  wave  lengths;  the  curves  in  (C)  would  coincide  if 
A  ».  were  used  as  abscissa  instead  of  /.  In  (C),  the  unbroken  curve  is  for  high  X 


“"jx  iT  n  theoretir1  expectations 

Of  all  wave  lenuthv  f,  u  .  8  °,  '  In  tIle  case  of  10,01  Option 

t he  eu  we  fo  I  '  ’  Cf°“dlt!0nS,Under  which  %  30.5  was  obtained), 
e  cutve  loi  led  light  must  bend  earlier  than  that  for  green  light  (because 

of  the  more  uniform  absorption  of  the  latter  th^TtM’^! 
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ihe  same  picture  (fig.  30.6A)  should  be  obtained  also  for  partially  absorb¬ 
ing  systems,  if  P  is  plotted  against  the  absorbed  (rather  than  against  the 
incident)  intensity.  If  Nhv  (incident)  is  used  as  the  independent  variable 
and  the  absorption  is  comparatively  weak,  the  resulting  picture  must  be 
that  shown  in  figure  30.6B. 

If  the  monochromatic  light  curves  are  plotted  against  light  energy  (/, 
or  A)  instead  of  number  of  quanta,  Nhv,  the  relationships  become  unneces¬ 
sarily  obscured  (c/.  fig.  30. 6C).  (Some  investigators,  e.  g.,  Montfort,  have 


Fig  30  7  Light  curves  of  Chlorella  in  light  of  different  color.  (A)  Green  vs.  red  light 
(equal  energy  flux);  “dense”  suspension  (11  X  W  cells  per  cc.)  (B)  Red 1™  white 
light  (energy  flux  in  klux  for  white  light,  in  "energetic  meter  candles  for  red  light,  cf. 
chapter  29,  p.  1098).  "Thin”  suspension,  2  X  106  cells  per  cc. 


used  rate  measurements  in  monochromatic  light  to  raise  the  question 
whether  photosynthesis  “is  a  quantum  process  at  all”;  a  question  no  photo- 

chemist  would  ever  ask.  . 

The  available  experimental  material  to  which  the  above  predictions  can 

be  applied  is  very  scarce.  It  is  desirable  that  the  precise  methods  of  rate 
determination,  applied  as  yet  almost  exclusively  to  *e  quantum  yie  d 
determinations  in  weak  light,  should  be  extended  to  kinetic  studies 

StT  “!eT:T  theflw  available  experimental  monochromatic  light 
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Fir.  30.8 A.  Light  curves  of  Sinapis  alba  (after  Gabrielsen  1935).  Top,  blue-violet 
light;  center,  yellow-green;  bottom,  orange-red. 
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curves,  we  consider  those  in  figures  30.7  and  30.8.  In  figure  30.7A,  the 
relative  position  of  the  curves  for  green  and  red  light  is  as  predicted  in 
figure  30.6B.  In  figure  30.7B,  the  curve  for  white  light,  lies,  as  predicted, 
below  that  for  the  more  strongly  absorbed  red  light,  but  the  difference  is 
much  larger  than  expected. 

It  was  mentioned  in  chapter  29  (page  109S)  that  the  ratios  between  photochemically 
equivalent  intensities  of  red  and  white  light,  given  by  Eichhoff,  appeared  remarkably 
small.  (Saturation  in  red  light  was  reached  at  an  intensity  equivalent  to  <2000  lux 
of  white  light!)  If  one  arbitrarily  multiplies  the  “monochromatic”  intensities  by  a 
factor  of  2.5  (this  would  reduce  quantum  yields  from  0.25  to  0.10),  fig.  29. 7B  would  be 
changed  as  indicated  by  the  dotted  line,  and  acquire  a  much  more  plausible  appearance. 

Figure  30. 8A  and  Table  30. Ill  show  the  results  of  Gabrielsen  (1935). 
The  difference  in  the  quantum  yield  in  the  green  and  in  the  red  is  notable 


Table  30. Ill 

Photosynthesis  in  Colored  Light  (after  Gabrielsen  1935) 


Light 

Av.  X,  m/i 

Max.  quantum 
yield 

Max.  P.  mg.  C02/ 
cm.2  hr. 

Reached  at  I  — 
n  cal/cm.2  sec. 

Red-orange 

650 

0.100 

0.192 

1.67 

Yellow-green 

540 

0.083 

ca.  0 . 12 

1 .85 

Blue-violet 

430 

0.071 

ca.  0.05 

0.83 

(for  a  discussion  of  similar  results  by  Emerson  and  Lewis,  cf.  page  1148). 
The  maximum  vates  in  the  blue-violet,  and  particularly  in  the  gieen,  also  aie 
considerably  smaller  than  in  the  red;  however,  figure  30.8A  shows  that 
the  observed  maximum  rates  may  be  still  far  from  saturation.  Figure 
30.8B,  taken  from  a  later  publication  by  the  same  author  (1940),  shows  the 
coincidence  of  the  maximum  rates  in  the  three  spectral  regions  very  cleaily. 

It  is  obvious  from  the  preceding  discussion  that  the  action  spectra  ot 
photosynthesis,  obtained  by  illuminating  plants  with  light  of  partly  saturat¬ 
ing  intensity,  are  difficult  to  interpret— even  if  precaution  has  been  taken 
to  use  the  same  incident  intensity  (or,  better  still,  the  same  number  of 
incident  quanta)  in  all  spectral  regions.  For  example,  in  an  optically  thin 
system,  the  yield  per  incident  quantum  should  be  smaller  m  the  green  than 
in  the  red,  because  of  weaker  absorption  (cf.  fig.  30. 6B),  \\  n  e  in  a  ense, 
completely  absorbing  system  the  relation  could  be  reversed,  because  of  the 
better  utilization  of  the  more  uniformly  absorbed  green  light  (cf.  fig. 
SO  6A)  Working  with  systems  that  are  not  too  dense,  and  m  light  that 
=00  strong,  one  may  obtain  a  “quantized”  action  spectrum -embhng 
more  or  less  closely  the  absorption  spectrum  of  the  pigments  An ^examp 
is  given  in  figure  30.9,  which  shows  the  action  spectrum  of  wheat  as  ob¬ 
served  by  Hoover  (1937)  and  “quantized”  by  Bums  (1931-38,1942). 
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ever,  no  quantitative  agreement  between  action  spectrum  and  absorption 
spectrum  can  be  expected  under  these  conditions,  and  conclusions  draw  n 
from  differences  between  them,  e.  g.,  as  to  the  role  of  the  accessoi}  pi§_ 
ments,  are  in  the  nature  of  more  or  less  plausible  guesses. 

Because  of  the  coincidence  of  the  absorption  bands  of  the  carotenoids  in  green 
plants  with  the  blue-violet  bands  of  the  two  chlorophylls,  correct  guessing  is  in  this 
case  much  more  difficult  than  in  the  case  of  brown  or  red  algae.  Engelmann  (1887) 
recognized  this  and  based  his  suggestion  that  the  carotenoids  of  green  plants  also  act  as 
sensitizers  in  photosynthesis  not  on  direct  experiments  with  these  plants,  but  on  analogy 
with  the  results  obtained  with  colored  algae.  He  quoted,  as  an  additional  argument  in 
favor  of  this  suggestion,  the  observation  that  leaves  of  the  aurea  varieties  have  a  com¬ 
paratively  high  yield  of  photosynthesis,  despite  their  deficiency  in  chlorophyll.  How¬ 
ever,  he  did  not  consider  this  argument  as  conclusive,  at  least  not  without  renewed  study; 
and  since  then  Willstatter  and  Stoll  (1918)  have  shown  that  aurea  leaves  possess  a  high 
relative  efficiency  also  in  light  filtered  through  a  yellow  filter.  Willstatter  and  Stoll  saw 


Pig.  30.9.  Action  spectrum  of  photosynthesis  of  wheat 
“quantized”  by  Burns  (1937,  1938)  (after  Hoover  1937). 


m  this  proof  that  leaf  carotenoids  do  not  contribute  to  the  sensitization  of  photosynthesis 
in  aurea  leaves.  However,  this  conclusion  was  not  convincing  because  in  their  experi¬ 
ments  not  only  the  relative,  but  also  the  absolute,  yields  in  both  green  and  aurea  leaves 
vere  almost  unaffected  by  the  interposition  of  a  yellow  filter.  In  other  words,  the  in- 

WtS  negligible;  therefore  their  experiments,  while  proving 
that  aurea  leaves  are  highly  efficient  in  the  light  absorbed  by  chlorophyll  alone  proved 
nothing  as  to  the  efficiency  or  inefficiency  of  the  carotenoids  ’  P 

to  be  lowerTl  (192l?JOUUd  thv.ratG  °f  photosynthesis  of  Ulva  l^tuca  in  the  blue-violet 
chloroXlT  alone i"  th  ‘T’  ^  in  the  red  for  absorption  by 

Schmucker  ( 1930)’ found &  poSS1.ble  active  Participation  of  the  carotenoids. 

by,  buhb^ounting  experiments  with  Cabomba  and  Crypto- 

creased  from^the  red  T  7  "?U“ed  t0  achieve  a  certai“  'ate  of  photosynthesis  in- 

^'°a3uren,rerly  P™P-«0„ately  to  the  wave  length- 
the  increase  was  about !  “  b'U<!  a"d  violet-  on  the  othw 

pigments  were  assumed  „  requ,rcd  *>y  quantum  correction  if  all 

carotenoids "“dytefficTeT'  ^  th”  C°UM  b* 
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After  the  problem  of  the  role  of  carotenoids  in  photosynthesis  had  been  brought 
to  the  foreground  by  experiments  with  brown  algae  (of.  section  5),  Montfort  (1940) 
made  a  new  attempt  to  determine  whether  light  absorption  by  the  carotenoids  of  green 
plants  also  contributes  to  photosynthesis.  He  compared  the  rates  of  photosynthesis  of 
the  green  alga  Ulva  lactuca  in  red  and  orange  light  (X  >  550  mM)  with  that  in  blue-green 
light  (X  350-625  mM,  maximum  at  450-500  mu)  of  equal  incident  intensity.  Table 
30. IV  shows  the  results.  Comparison  of  the  last  three  figures  in  the  table  shows  that  the 


Table  30.IV 

Photosynthesis  of  Ulva  lactuca  in  Colored  Light  (after  Montfort  1940) 
P  =  Rate  of  Photosynthesis;  A  =  Rate  of  Absorption 


P  (blue-green )/P  (orange-red) . 0.89 

A  (blue-green)/A  (orange-red )° . 1.19 

A  (blue-green)/A  (orange-red)6 . 1.00c 

(P/A)  (blue-green)/(P/A)  (orange-red )a . 0.75 

(P/A)  (blue-green)/(P/A)  (orange-red)6 . 0.89c 


Quantum  correction:  X  (orange-red )/X  (blue-green) . 0.77'1 


°  All  pigments. 
b  Chlorophyll  alone. 
e  Calculated  from  data  on  extracts. 
d  For  wave  lengths  625  and  480  my. 


quantum  yield  in  the  blue-green  was  only  slightly  lower  than  in  the  red,  if  referred  to  the 
absorption  by  all  pigments,  but  much  higher  if  referred  to  chlorophyll  alone.  This 
speaks  in  favor  of  an  almost  equal  efficiency  of  chlorophyll  and  the  carotenoids.  Thus, 
the  earlier  observations  of  Wurmser,  Schmticker  and  Montfort  can  all  be  quoted  in 
support  of  the  conclusions  derived  by  Emerson  and  Lewis  from  the  much  more  con¬ 
vincing  measurements  in  weaker  and  truly  monochromatic  light,  that  the  carotenoids  ol 
green  plants  do  contribute  actively,  but  less  efficiently  than  chlorophyll,  to  the  sensitiza¬ 
tion  of  photosynthesis. 


In  ChloreVa,  the  quantum  yield  deficiency  in  blue  and  violet  light  is  not 
likely  to  be  caused  by  the  presence  of  a  yellow  pigment  other  than  the  carot¬ 
enoids.  (The  comparison  of  the  absorption  spectrum  of  live  cells  with 
that  of  the  extracted  pigments,  cf.  fig.  22.44,  does  not  indicate  the  presence 
of  such  a  pigment.)  In  some  higher  plants,  on  the  other  hand,  pigments  o 
the  flavone  or  anthocyanine  class  often  are  present  in  the  cell  sap  or  ce 
walls  and  compete  with  the  photosynthetically  active  pigments  for  blue- 
violet  quanta,  or  even  serve  es  “color  screens,”  particularly  when  they  are 
located  in  the  epidermis,  or  in  the  cell  walls  between  the  chlorop  asts  and 
the  external  light  source.  The  presence  of  these  pigments  should  eave  t 
saturation  yield  unaffected,  but  should  depress  the  quantum  yield  in  the 
linear  range  and  in  the  region  of  partial  saturation.  Burns  (1933,  1942) 
noted  that  the  quantum  yield  of  photosynthesis  of  spruce  and  pine  seedlg 
in  the  blue-violet  (390-470  m,)  was  only  half  as  large  as  in  the  led  £30- 
720  mp),  or  red  plus  orange  (560-720  mp).  This  can  be  attributed  to  the 
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presence,  in  these  conifers,  of  a  nonactive  yellow  pigment.  (It  was  men¬ 
tioned  on  page  1153  that  photosynthesis  in  these  plants  declines  to  zeio 
below  450  or  465  m/x.) 

The  same  effect  should  be  even  more  pronounced  in  leaves  of  the  pur¬ 
purea  varieties,  or  other  leaves  containing  large  quantities  of  red  antho- 
cyanine  pigments.  Engelmann  recognized  as  early  as  1887,  in  an  investi¬ 
gation  entitled  “Leof  Hues  and  Their  Importance  for  the  Decomposition 
of  Carbonic  Acid  in  Light, ”  that  the  red  pigments  of  land  plants  do  not 
actively  participate  in  photosynthesis;  and  Willstatter  and  Stoll  (1918) 
and  Ivuilman  (1930)  confirmed  that  the  presence  of  these  pigments  has  no 
influence  on  the  rate  of  photosynthesis  in  strong  light.  Gabrielsen  (1940) 
concluded,  from  a  review  of  the  older  work  and  new  experiments  with 
Corylus  and  Prunus  leaves  in  red-orange,  yellow-green  and  blue-violet 
light,  that  for  a  given  amount  of  incident  energy  the  red  varieties  have  a 
minimum  yield  in  yellow-green  light,  where  light  absorption  by  the  red 
pigment  has  its  maximum.  This  minimum  was  most  pronounced  in  weak 
light;  in  strong  light,  the  monochromatic  light  curves  approached  the  same 
saturation  level,  in  conformity  with  the  findings  of  Willstatter  and  Stoll. 
Gabrielsen  estimated  that,  in  red  Corylus  leaves,  the  “screen”  absorbed 
about  37%  of  incident  light  in  the  blue-violet,  about  74%  in  the  yellow- 
green  and  about  33%  in  the  red-orange  region.  In  Prunus,  the  absorption 
v  as  somewhat  higher,  perhaps  because  in  Corylus  the  red  pigment  was  pres¬ 
ent  only  in  the  epidermis  cells,  while  in  Prunus  it  was  found  also  in  the 
mesophyll.  these  results  cause  us  to  give  little  credence  to  speculations 
oi  observations  that  relate  anthocyanines  or  flavones  to  photosynthesis. 


In  1922  Noack  observed  a  photochemical  conversion  of  flavones  into  anthocyanines 
in  vivo  and  interpreted  this  reaction  as  a  chlorophyll-sensitized  oxidation-reduction  (cf 
chapter  19,  page  541 ).  He  suggested  that  flavones  and  anthocyanines  form  a  reversible 
oxidation-reduction  system,  which  may  play  a  catalytic  role  in  photosynthesis.  Sen 
.  )  asserted  that  anthocyanme-carrying  leaves  have  a  higher  photosynthetic  ef¬ 

ficiency  than  ordinary  leaves,  despite  their  lower  content  of  chlorophyll. 

thir)l  6  TVr'fT  ,t0  the  question’  raised  on  page  1158,  concerning  the 

erion  1  ,  5  *  T“'  after  the  Iinetu'  “d  the  transitional 

legion— the  saturation  plateau.  It  was  postulated  there  that  this  plateau 

houhl  have  the  same  height  for  all  wave  lengths.  As  long  as  the  rite 

s  determmed  only  by  the  kinetic  mechanism  of  photosynthesis,  thoo.Ucal 

tinn"1?'. *  "!  a',01  01  thlS  postulate  appear  conclusive.  Whether  satura- 

ahiliu  rs  ab°Ut  by  a  limited  Supply  of  reactants,  or  bv  limited  avail¬ 
ed  ty  of  an  enzyme,  the  maximum  rate  is  determined  by  the  vefocUvofa 

o  Hhei;:u,“:;r;“i„m'ndepundent  not  °niy  °f  *•  ^ 

Ught  qUaUty  C°M-  h0wever<  affec‘  the  maximum  rate  of  photosynthe- 
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sis,  it  other  photochemical  processes  can  interfere  with  this  process.  A 
selective  sensitizaton  of  oxidative  processes  in  the  photosynthetic  apparatus 
by  the  light  absorbed  by  the  carotenoids,  or  by  chlorophyll  in  the  blue-violet 
band,  offers  one  possibility  of  this  type.  However,  in  this  case,  only  light 
curves  of  the  time-dependent  “optimum”  type  (which  have  been  observed, 
e.  g.,  in  some  umbrophilic  plants;  cf.  page  994)  should  be  affected,  since  the 
maximum  rate  in  these  curves  is  determined  by  the  (time-dependent)  bal¬ 
ance  of  photosynthesis  and  photoxidation.  Light  curves  with  true  satura¬ 
tion  plateaus  should  remain  unaffected  by  an  earlier  onset  of  “light  inhibi¬ 
tion”  (except  for  a  shorter  extension  of  the  saturation  plateau). 

The  effect  of  wave  length  on  photoxidation  has  never  been  investigated 
systematically.  Franck  and  French  (1941)  found  that  photoxidation  oc¬ 
curs,  in  carbon  dioxide-deprived  leaves,  in  red  as  well  as  in  blue  light, 
but  this  was  merely  a  qualitative  observation.  A  selective  effect  of  blue 
light  on  the  respiration  of  Chlorella,  observed  by  Emerson  and  Lewis  (1943), 
was  mentioned  in  chapter  20  (page  568).  Another  specific  function  of 
yellow  pigments  seems  to  be  well  established — the  sensitization  of  photo¬ 
tropic  movements.  As  stated  on  page  681,  the  changes  in  the  positions  of 
the  chloroplasts  in  light  are  caused  only  by  light  absorbed  by  yellow  pig¬ 


ments  (Voerkel  1933) ;  and  the  same  is  true  of  the  phototactic  movements 
of  whole  cells  ( cf .  Castle  1935). 

These  pigments  may  be  the  carotenoids,  although  Galston  attributed 
this  function  to  riboflavin  (because  the  action  spectrum  showed  only  a 
single  peak).  In  purple  bacteria,  on  the  other  hand,  the -action  spectrum 
of  phototaxis  coincides  with  that  of  photosynthesis  (cf.  p.  1188). 

Very  extensive  studies  of  the  effects  of  light  of  different  colois  in  photo¬ 
synthesis  and  respiration  were  made  by  Danilov  (1935,  1936),  using  green, 
blue-green,  and  red  algae.  He  reported  very  complicated  results  in  which 
the  yield  was  found  to  depend  not  only  on  color  (in  monochromatic  light), 
but  also  on  the  combination  of  colors  (in  non-monochromatic  light).  Fo  - 
lowing  the  tendency  of  what  Kostychev  proclaimed  as  a  new  '  ‘physiological 
approach  to  photosynthesis  (cf.  chapter  26,  p.  872)  he  discussed  these  phe¬ 
nomena  in  vague  terms  of  stimulation  and  inhibition  of  different  protoplasmic 
functions  by  light  of  different  wave  length.  Thus,  yellow  and  green  rays 
were  credited  by  him  with  increasing  cell  sensitivity  to  red  light,  and  with 
making  it  insensitive  to  infrared  light;  blue-violet  light  was  said  to  assist 
in  the  utilization  of  infrared  light  (supposedly  for  activation  of  the i  da  - 
reaction  stages  in  photosynthesis).  Blue-green  rays  were  said  to  co  nte, 
act  the  stimulation  effects  of  yellow  light,  and  enhance  the  tunulating 
effects  of  blue  rays,  and,  generally,  to  create  in  the  cells  a  fc 
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utilization  of  light  energy,”  and  also  to  determine  the  reaction  of  photo¬ 
synthesis  to  changes  in  temperature.  In  another  paper,  Danilov  (1938) 
concluded  that  the  effect  of  various  colors  of  light  on  photosynthesis  depends 
on  the  method  of  cultivation  of  the  algae.  In  particular,  variations  in  the 
sensitivity  to  different  colors  of  light  were  caused  by  changes  in  hydration 
of  the  cells  (achieved  by  culturing  Scenedesmus  in  1%  sodium  chloride  solu¬ 
tion). 

Ursprung  (1917,  19182),  working  with  detached  leaves  by  means  of  Timiriazev’s 
(1890, 1903)  “starch  spectrum”  method  (a  spectrum  is  projected  on  a  starved,  destarched 
leaf,  and  the  “latent  starch  image”  formed  by  light  is  “developed”  by  iodine),  found, 
in  light  of  uniform  spectral  intensity,  a  continuous  decrease  in  the  production  of  starch 
from  red  to  violet,  without  a  second  maximum,  and  attributed  this  result  to  the  closure 
of  the  stomata  and  consequent  quenching  of  photosynthesis  in  blue- violet  light. 


Dastur  and  Samant  (1933),  Dastur  and  Mehta  (1935)  and  Dastur  and 
Solomon  (1937)  described  observations  that  purported  to  show  that  pure 
red  light  (or  pure  blue  light)  is  less  efficient  in  photosynthesis  than  a  com¬ 
bination  of  both.  Their  experiments  were  criticized  by  Montfort  (1937), 
who  found  that  the  addition  of  blue-violet  light  to  red  light  has  no  effect 
on  the  rate  of  photosynthesis,  provided  the  red  light  was  in  itself  of  saturat¬ 
ing  intensity  (this  agrees  with  the  experiments  of  Dutton  and  Manning 
with  diatoms,  described  on  page  1172). 

Dastur,  Ivanitkar  and  Rao  (1938)  measured  the  formation  of  proteins 
in  leaves  in  light  of  different  color,  and  found  differences  which  they  related 
to  the  above-mentioned  observations  on  photosynthesis  in  colored  light. 

The  lesults  of  Dastur  and  co-workers  probably  are  trivial,  being  caused 
by  the  use  of  optically  dense  tissues.  As  explained  above,  such  tissues 
must  (and  do)  utilize  moderately  intense  green  or  yellow  light  better  than 
orange-red  (or  blue-violet)  light  of  the  same  intensity,  because  the  latter 
is  absorbed  in  too  thin  a  layer  and  causes  saturation  effects  there.  White 
light  of  partly  saturating  intensity,  since  it  contains  green  and  yellow,  will 
give,  m  such  tissues,  a  higher  yield  of  photosynthesis  than  an  equally  strong 
red-orange  or  blue-violet  light. 


The  hypothesis  of  Baly  (1935)  that  photosynthesis  requires  a  quantum  of  red  plus 

enUrelv  wkhont  6  S  ’  Ti  before  <Vo1-  T>  P-  554)  and  characterized  as 

entirely  without  experimental  basis. 


In  chapter  28  (page  987)  we  described  the  different  shape  of  light  curves 
of  shade-adapted  and  light-adapted  plants.  Since  these  plants  differ  in  the 
composition  of  their  pigment  systems,  they  are  likely  to  show  differences 
also  in  their  response  to  light  of  different  color.  Lubimenko  (19231  nh 

%£££  tade,;f  Tf  P'T  ^  re'atiTOly  m°re  efficient  in  llut 
g  (  d  relatively  easily  inhibited  by  red  light).  This  may  be  as- 
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sociated  with  their  higher  content  of  chlorophyll  b  (which  permits  a  better 
utilization  of  blue  light,  450— 500  mju),  or  with  a  higher  content  of  carot¬ 
enoids  (which  was  indicated  by  Willstatter  and  Stoll’s  figures  in  Table 
15. Ill,  but  was  not  confirmed,  as  a  general  rule,  by  Seybold  and  Egle’s 
analysis;  cf.  Yol.  I,  p.  414). 

The  composition  of  the  pigment  system  also  depends  on  the  color  of 
the  light  under  which  the  plants  were  grown.  As  described  in  chapter  15 
(page  430),  chlorophyll  is  more  efficiently  synthesized  by  green  plants  in  red 
light,  and  the  carotenoids  in  blue-violet  light  (although  these  assertions 
have  been  contested,  and  may  represent  over-simplifications).  This  may 
explain  why  plants  have  often  been  found  to  be  most  efficient  in  the  light 
in  which  they  were  grown.  Elodea  plants  cultured  in  red  light  produced 
more  oxygen  in  the  red,  while  similar  plants  grown  in  blue  light  gave  more 
oxygen  in  the  blue  (Harder,  During  and  Simonis  1936,  Harder  and  Simonis 
1938,  and  Simonis  1938).  Thus,  the  physiological  chromatic  adaptation 
of  photosynthesis  may  be  in  this  case  a  consequence  of  the  chemical  adapta¬ 
tion  of  the  pigment  system. 


5.  Quantum  Yield  and  Action  Spectrum  of  Photosynthesis  in  Brown 

Algae 

The  study  of  the  relation  between  wave  length  and  photosynthesis  in 
brown  algae  and  diatoms  is  of  special  interest  because  of  the  presence  in 
these  algae  of  the  carotenoid  fucoxanthol,  which  is  not  encountered  in 
green  plants.  The  distribution  of  the  light  absorption  by  brown  algae 
and  diatoms  among  the  individual  pigments  was  discussed  in  chapter  22 
(page  723)  and  illustrated  by  the  (very  schematic)  figures  22. 45 A,  B  and 
Table  22.IX,  all  taken  from  Montfort  (1940).  For  diatoms,  we  also  gave 
the  much  more  adequate  figure  22.46  of  Dutton  and  Manning  (1941). 
The  two  reasons  why  even  this  figure  is  not  too  reliable  are:  first,  the  un¬ 
certain  (and  undoubtedly  to  a  certain  extent  incorrect)  assumptions  made 
regarding  the  “red  shift”  of  the  absorption  bands  in  vivo ,  and,  second,  the 
neglect  of  chlorophyll  c.  According  to  Tanada’s  figure  30.9B,  chlorophyll 
c  adds  much  to  light  absorption  of  pigment  extracts  from  brown  algae  and 
diatoms  between  450  and  500  mM.  The  brown  color  of  these  organisms 
in  vivo  indicates  considerable  absorption  also  farther  in  the  green,  from 
500-550  m/L  Fart  of  this  absorption  may  be  due  to  chlorophyll  c,  but 
most  is  probably  due  to  fucoxanthol  (to  which  it  has  usually  been  ascribed, 
cf  page  707).  Montfort  (1940)  discussed  the  experimental  action  spectia 
of  photosynthesis  in  different  brown  algae  and  concluded  that  light  ab¬ 
sorbed  by  fucoxanthol  is  fully  utilized  for  photosynthesis;  but  this  conclu¬ 
sion  was  not  very  convincing  because  of  the  very  primitive  e*pell™f?  *f 
approach,  which  included  the  use  of  broad  spectral  regions,  and  of  light  ot 
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comparatively  high  intensity.  Dutton  and  Manning  (1941)  arrived  at  a 
similar  conclusion  by  a  procedure  which  was  much  more  satisfactory  at 
least,  in  principle— namely,  the  determination  of  quantum  yields  in  weak 
and  truly  monochromatic  light.  Because  the  method  of  Dutton  and  Man¬ 
ning  is  so  much  more  adequate  than  that  of  Montfort  ( cf .  the  criticism  of 


Emerson  1937)  we  will  discuss  their  experiments  first. 

Dutton  and  Manning  used  the  dropping  mercury  electrode  for  the 
determination  of  oxygen  (cf.  chapter  25,  page  850).  The  diatom  ( Nitzschia 
closterium )  was  found  to  be  more  sensitive  than  Chlorella  to  mercury ;  how¬ 
ever,  its  resistance  was  sufficient  to  permit  measurements  of  30  minutes 
duration  without  marked  poisoning. 

Chromatographic  analysis  of  the  pigments  of  Nitzschia  closterium  re¬ 
vealed  the  presence  of  chlorophyll  a,  carotene,  luteol,  fucoxanthol  and  prob¬ 
ably  flavoxanthol,  but  showed  no  trace  of  chlorophyll  b.  No  mention  was 
made  of  chlorophyll  c,  which  was  subsequently  found  by  Strain  and  Man¬ 
ning  (Vol.  I,  p.  406)  in  diatoms  and  other  brown  algae.  Analysis  of  the 
absorption  spectrum  of  the  extract  (cf.  fig.  22.46)  indicated  that  in  methanol 
solution  at  least  one  half  the  absorption  between  400  and  550  m^u  was  due 
to  the  carotenoids.  This  is  a  much  larger  proportion  than  in  green  plants 
(cf.  page  1150);  it  indicates  that  the  ratio  chlorophyll  a/total  carotenoids 
was,  in  the  investigated  diatoms,  considerably  lower  than  3/1  (which  is 
the  average  for  brown  algae  listed  in  Table  15.III). 

Monochromatic  light  from  a  high-pressure  a.  c.  mercury  arc  was  used 
loi  illumination  (the  effect  of  intermittency  being  considered  unimpor¬ 
tant),  as  well  as  bands  isolated  from  the  light  of  an  incandescent  lamp  by 
appropriate  filters.  The  density  of  the  suspensions  was  such  as  to  give 
about  50%  absorption  in  the  red,  and  75%  in  the  blue.  Two  portions  of 
t  he  same  suspension  were  placed  in  two  vessels,  and  a  simultaneous  deter¬ 
mination  of  the  quantum  yield  was  made  in  both  of  them,  the  one  vessel 
being  illuminated  with  violet,  blue  or  green  light,  and  the  other  with  red 
light  Table  30.V  shows  the  results.  This  table  indicates  that  the 
individual  y  values  varied,  for  each'wave  length,  within  wide  limits  (e.q. 
m  the  red,  from  0.038  to  0.100);  possibly  because  of  various  degrees  of 
mercury  poisoning,  or  other  factors  affecting  the  vitality  of  the  cells.  The 

“t'S1TAlle'efOTe,dePended  entirely  on  the  ralws  of  the  yields  obtained 
light  of  different  color,  in  simultaneous  experiments  with  two  aliquots  of 

f  ouTeoT  1  a-  ab!u  3°'V  Sh°WS  that  6Ven  these  ratios  varied  widely  (e.  g„ 
m  .  °'9U  tl’  L43  111  the  comparison  of  yields  in  violet  and  red  light).  The 

os  consistent  was  the  series  of  measurements  at  490  mM,  where  seven 
e  emulations  all  gave,  for  the  ratio  (quantum  yield  in  blue-green) /(quan- 

I >"iV ‘e  <  ',Td)  VaIues  bet'veen  0.07  and  0.08.  lly  averaging  the  ratios 
I  button  and  Manning  arrived  at  the  values  in  the  last  column  of  TaSe  30.  V 
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Table  30. V 

Quantum  Yields  of  Diatoms  (after  Dutton  and  Manning,  1941) 


X,  m/x 

%  of  tota 
abs.  due 
to  caro- 
tenoids," 

,1 

7 

y/y  (red) 

From 

To 

Av. 

From 

To 

Av. 

404.7  +  407.8  (violet) 

38 

0.048 

0.075 

0  075 

665.0  (red  band  axis) 

0 

0.048 

0.060 

0.052 

0.90 

1.43 

1.08  ±  0.08 

435.8  (blue) 

49 

0.048 

0.079 

0.064 

665.0  (red  band  axis) 

0 

0 . 045 

0.092 

0.063 

0.77 

1.20 

1.04  U . U5 

496.0  (blue-green) 

93 

0.039 

0.081 

0.059 

665.0  (red  band  axis) 

0 

0.054 

0.100 

0.080 

0.70 

0.80 

0.75  =*=  0.03 

546.1  (green) 

48 

0.044 

0.080 

0.065 

665 . 0  (red  band  axis) 

0 

0.038 

0.080 

0.060 

0.96 

1.27 

1.10  =*=  0.04 

“  Calculated  by  shifting  all  curves  in  figure  22.46  toward  the  red  by  20  idm  (for  a 
criticism  ol  this  procedure,  see  page  726).  Chlorophyll  c  absorption  neglected! 


and  concluded  that  the  quantum  yields  in  the  violet,  blue  and  green  are 
practically  equal  to  that  in  the  red,  despite  the  fact  that  in  the  first  two  re¬ 
gions  40-50%  of  the  light  must  be  absorbed  by  the  carotenoids,  whereas 
in  the  last  one  all  absorption  is  due  to  chlorophyll.  Dutton  and  Manning 
therefore  suggested  that  all  carotenoids  present  in  diatoms  must  act  as 
sensitizers  of  photosynthesis.  The  value  of  y  in  the  blue-green,  at  496  m^u, 
was  definitely  lower.  Dutton  and  Manning  suggested  that  this  may  indi¬ 
cate  a  lesser  efficiency  of  carotene  and  luteol  as  compared  with  fucoxanthol. 
According  to  their  calculations,  the  relative  contribution  of  fucoxanthol  to 
the  total  absorption  by  carotenoids  was  less  at  496  m^  than  at  the  shorter 
wave  lengths. 

This  assumption  is  derived  from  observations  in  the  extract,  in  which  fucoxanthol 
shows  an  absorption  spectrum  terminating  sharply  at  500  m/i  (fig.  2 1.35 A),  and  a  maxi¬ 
mum  practically  coincident  with  that  of  luteol.  However,  this  apparently  does  not  apply 
to  fucoxanthol  in  vivo  (p.  706);  and  some  recent  observations  on  extracts  also  showed 

absorption  extending  to  550  ium  ( cf .  fig.  21.36). 

The  brown  color  of  the  algae  indicates  a  considerable  spread  of  the  blue-violet  ab¬ 
sorption  region  toward  the  longer  waves;  and  it  is  plausible — although  it  cannot  be 
proved — that  the  pigment  responsible  for  this  spread  is  fucoxanthol.  (A  possible  alter¬ 
native  is  to  ascribe  part  of  it  to  chlorophyll  c,  although  its  band  lies,  in  extracts,  on  the 
short-wave  side  of  that  of  chlorophyll  a.) 

As  an  alternative,  Dutton  and  Manning  suggested  that  an  unknown 
pigment,  with  absorption  restricted  to  a  narrow  region  around  500  mM, 
may  be  responsible  for  the  minimum  in  the  yield  curve  at  490  mM.  This 
result  may  also  be  related  to  Emerson  and  Lewis’  observations  of  a  selec¬ 
tive  stimulation  of  respiration  in  Chlorella  by  light  in  the  region  of  480  m„. 

Dutton  and  Manning  pointed  out  that  the  participation  of  the  carot¬ 
enoids  in  photosynthesis  of  Nitzschia  closlerium  is  indicated,  not  only  by 
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the  ratios  of  the  quantum  yields  in  the  blue,  violet,  green  and  red,  but,  even 
more  strikingly,  by  the  absolute  value  of  the  yield  at  490  m/z,  where,  ac¬ 
cording  to  their  estimates,  93%  of  absorbed  light  is  taken  up  by  the  carot¬ 
enoids.  They  argued  that,  if  all  photosynthesis  observed  in  this  spec¬ 
tral  region  were  attributed  to  chlorophyll,  the  quantum  yield  would  be 
0.059/(1  -  0.93)  =  0.84,  i.  e.,  much  larger  than  the  maximum  allowed  by 
thermochemical  considerations.  However,  this  estimate  was  based  on  the 
distribution  data  in  figure  22.46,  and  therefore  is  subject  to  possible  grave 
errors.  True,  at  496  m /x,  the  apportionment  of  energy  is  not  very  sensitive 
to  the  postulated  specific  value  of  the  “red  shift”;  it  would  remain  almost 
the  same  if  a  shift  of  10  or  30  m/x  were  postulated,  instead  of  20  m/z  (the 
value  used  by  Dutton  and  Manning),  or  if  the  shift  of  the  carotenoid 
bands — particularly  those  of  fucoxanthol — were  assumed  to  be  twice  or 
three  times  as  large  as  that  of  the  chlorophyll  bands.  (A  difference  of  this 
type  is  indicated  by  some  data  in  chapter  22;  cf.  Table  22. VI  and  page 
706.)  It  may  thus  seem  as  if  an  extreme  and  unlikely  assumption  con¬ 
cerning  the  enhancement  of  the  absorption  of  blue-green  light  by  chloro¬ 
phyll  in  vivo,  or  the  assumption  of  a  spatial  distribution  of  pigments  strongly 
favoring  absorption  by  chlorophyll  would  be  required  to  explain  the  quan¬ 


tum  yield  observed  at  496  m/z  without  recourse  to  sensitization  by  carot¬ 
enoids.  This  argument,  however,  ceased  to  be  quite  conclusive,  since 
Strain  and  Manning  (1942)  confirmed  the  presence  in  blown  algae  and 
diatoms,  of  a  pigment  with  strong  absorption  in  the  blue-green,  chlorophyll 
c.  According  to  figure  21.5  this  component  has  an  absorption  peak  at  450 
m/x  in  methanol;  in  the  living  cell,  its  absorption  maximum  must  lie  near 
470  m/z,  if  the  shift  is  the  same  as  for  chlorophyll  a.  According  to  figure 
30.9C,  at  470  m/z,  chlorophyll  c  in  a  methanol  extract  from  diatoms  accounts 
tor  about  ten  times  more  absorption  than  chlorophyll  a.  The  neglect  of 
chlorophyll  c  in  the  calculations  of  Dutton  and  Manning  thus  may  have 
s  ffted  the  ratio  of  the  absorptions  by  the  chlorophyll  pigments  and  the 
carotenoids,  from  perhaps  about  1  to  1,  to  the  extreme  value  of  9.3  to  0.7. 

lo  sum  up,  the  average  y  values  found  by  Dutton  and  Manning  sup¬ 
port  the  assumption  that  the  carotenoids  in  diatoms  (and  fucoxanthol  in 
particular)  contribute  directly  to  the  sensitization  of  photosynthesis;  but 
the  wide  scatter, ng  of  individual  results  called  for  reinvestigation  with 
material  and  methods  giving  more  consistent  results.  Furthermore  all 
results,  and  particularly  the  absolute  yields  at  496  mp,  ivere  in  need  of  re- 
exam, na, on  in  the  light  of  the  possible  role  of  chlorophyll  c  This  re 

— r  C0Uld  have  conceivably  bro»ght  the  brown  algae  in  line  with 


in- 
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activity  oi  the  carotenoids.  This  hypothesis  was  supported  by  the  action 
spectrum  of  the  brown  alga  Coilodesme,  determined  polarographically  by 
Haxo  and  Blinks  (1950)  and  reproduced,  together  with  the  absorption 
spectrum,  in  figure  30.1  IB. 

Dutton  and  Manning  also  performed  experiments  in  stronger  light,  in  which  they 
first  measured  photosynthesis  in  saturating  red  light,  and  then  added  violet  light.  They 
found  as  one  would  expect  no  appreciable  effect  of  this  additional  illumination  on 
the  yield,  and  interpreted  this  as  a  proof  that  photosynthesis  in  blue  light,  although 
sensitized  by  both  chlorophyll  and  the  carotenoids,  is  limited  by  the  same  dark  reaction 
as  photosynthesis  in  red  light,  which  is  sensitized  by  chlorophyll  alone. 

Wassink  and  Kersten  (1946)  studied  the  diatom  Nitzschia  dissipata; 
the  spectroscopic  results  of  this  study  were  presented  in  Chapter  22  (p.  706). 
These  investigators  made  measurements  of  the  rate  of  photosynthesis  in 
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Fig.  30.9A.  Quantum  yield  (ordinate)  of  photosynthesis  as  a 
function  of  wave  length  for  N.  minima  (after  Tanada  1951). 

light  of  different  color,  isolated  by  filter  combinations.  They  reduced  the 
data  to  a  common  average  intensity  (7.3  kerg/cm.2  sec.)  in  the  assumption 
that  they  worked  in  the  linear  part  of  the  light  curve.  (This  assumption 
was  based  on  the  type  of  light  curves,  showing  a  very  extensive  linear  part 
which  had  been  obtained  by  the  Dutch  group  for  green  plants,  diatoms  and 
purple  bacteria,  cf.  fig.  28.14B  and  table  28.11;  this  shape  was  not  con¬ 
firmed  by  other  investigators.)  Wassink  and  Kersten  estimated  that 
the  yield  per  absorbed  quantum  is  the  same  in  Nitzschia  and  in  C  Morelia 
and  is  constant  in  red,  yellow,  and  yellow-green  light;  m  blue-green  light 
it  is  somewhat  lower  in  both  organisms.  They  concluded  that  in  contrast 
to  other  carotenoids,  fucoxanthol  is  fully  effective  as  sensitizer  of  photo- 
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synthesis.  They  found,  similarly  to  Dutton,  Manning  and  Duggar 
(Chapter  24.  p.  814),  that  chlorophyll  fluorescence  in  living  diatoms  can  be 
excited  also  by  light  absorbed  by  fucoxanthol;  from  this  they  concluded 
that  the  energy  absorbed  by  fucoxanthol  is  transferred  to  chlorophyll  be¬ 
fore  it  is  used  for  photosynthesis. 


WAVE  LENGTH. 

t’ig.  30.9B.  Absorption  spectra  of 
methanol  solutions  of  pigments  ex¬ 
tracted  quantitatively  from  cells  of 
S'avicula  minima  (after  Tanada, 
1951). 


WAVE  LENGTH,  mM 

t'ig.  30.9C.  Comparison  of  absorp¬ 
tion  spectra  of  extracted  pigments,  and 
of  intact  cells  of  A  .  minima  suspended 
in  glycerol.  The  whole  spectrum  of 
each  pigment  shifted  toward  the  red 
bv  an  amount  equal  to  that  by  which 
the  blue  maximum  shifted  by  extrac¬ 
tion. 


.  ^investigation  of  the  quantum  yield  of  brown  algae  in  light  of  differ¬ 
ent  color  was  undertaken  by  Tanada  (1951)  in  Emerson’s  laboratory 
e  conclusions  of  Dutton  and  Manning  were  confirmed  by  much  more 

Tn ’  ™eaSUre“efS’ ,ffklng  int0  account  presence  of  chlorophyll  e 
Tanada  worked  wrth  the  diatom  Navicula  minima  in  pure  culture 

tqrrn'rw  in  “  b^^sx 

mu'  u  in  Chhriil  uTS  le.reSUltS:  7  is  eonstant  between  520  and  680 
u,  as  ChhreUa,  it  drops  sharply  to  almost  zero  above  710  mu.  The 
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\  ield  dips  by  about  — 0 %)  between  520  and  4/5  m/u  (we  recall  that  a  minimum 
of  efficiency  was  found  in  this  region  also  for  Chlorella  and  Chroococcus ). 
dhe  yield  rises  somewhat  further  in  the  violet,  but  declines  again  toward 
the  ultraviolet,  its  value  at  400  m/x  being  about  30%  below  the  maximum. 

This  7  =  /(X)  curve  must  be  compared  with  the  curve  showing  the  ab¬ 
sorption  by  the  several  pigments  in  extract  from  these  diatoms  (fig.  30. 9B), 
and  with  the  curve  (fig.  30. 9D),  derived  from  it,  showing  the  contribution 
of  each  pigment  to  the  total  absorption  by  the  cells.  The  first  figure  shows 
chlorophyll  a,  chlorophyll  c,  and  fucoxanthol,  as  the  major  components. 


Fig.  30.9D.  Curves  showing  the  estimated  distribution  of  light 
absorption  among  pigment  groups  in  live  cells  of  N .  minima  as  a 
function  of  wave  length. 


Neofucoxanthol  ( cf .  chapter  37),  0-carotene  and  an  unidentified  carotenol 
(possibly  diadinoxanthol)  also  were  identified;  their  absorption  is  lumped 
together  under  the  heading  of  other  caiotenoids. 

In  deriving,  from  the  spectra  of  pigments  in  vitro,  their  contribution  to 
total  absorption  in  vivo,  corrections  for  scattering,  band  shift,  and  band 
broadening,  must  be  applied.  The  unsatisfactory  state  ol  this  problem 
was  discussed  in  chapter  22.  Tanada  made  one  improvement  in  the  pro¬ 
cedure:  he  found  that  most  of  chlorophyll  c  and  some  fucoxanthol  can  be 
extracted  with  65%  methanol,  leaving  practically  all  chlorophyll  a  in  the 
cells-  the  spectrum  of  the  residue  could  then  be  used  to  locate  the  position 
of  the  blue-violet  absorption  peak  of  chlorophyll  a,  and  ol  other ’caro¬ 
tenoids”  in  the  cell.  The  red  shift  of  the  blue-violet  band  of  chlorophyll  a, 
determined  in  this  way,  was  8  mM;  that  of  “other  carotenoids,  -0  m/x. 
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(However,  the  latter  value  was  derived  from  a  small  shoulder  on  the 
absorption  curve,  and  is  not  precise.)  The  absorption  peak  of  fucoxanthol 
in  vivo  was  calculated  from  the  difference  between  the  absorption  curves 
of  the  cells  before  and  after  extraction  with  aqueous  methanol ;  it  indicated 
a  red  shift  by  as  much  as  40  m /x  for  this  pigment — from  445  m/x  in  methanolic 
solution,  to  485  m/x  in  vivo.  The  blue  peak  of  chlorophyll  c  was  calculated 
similarly  from  the  difference  between  the  spectra  of  cells  before  and  after 
extraction  with  50%  methanol;  a  red  shift  of  20  m/x  was  deduced  in  this 
way. 

(The  shifts  deduced  by  Tanada  for  the  four  blue-violet  bands — 8  m/x 
for  chlorophyll  a,  and  40  m/x  for  fucoxanthol — can  be  compared  with  those 
derived  in  chapter  22,  on  pages  705-706,  from  earlier  investigations. 
The  agreement  is  good  for  chlorophyll  a;  for  fucoxanthol,  the  shift  found 
by  Tanada — 40  m/x — is  about  twice  that  estimated  previously  by  Wassink 
and  Kersten.) 

When  the  blue-violet  solution  bands  of  all  pigments  present  in  the 
diatoms  were  shifted  as  indicated,  and  superimposed,  a  composite  absorp¬ 
tion  curve  was  obtained  (see  fig.  30.9C).  (No  attempt  was  made  by 
Tanada  to  analyze  the  region  >  620  m/x,  where  all  absorption  is  due  to  the 


chlorophylls.)  The  quantitative  agreement  is  not  too  good,  the  composite 
curve  having  a  higher  peak,  and  a  lower  valley  in  the  green  than  the  actual 
absorption  curve  of  the  cells.  This  may  be  due,  at  least  in  part,  to  scatter- 
in§  although  the  cell  curve  was  obtained  on  Hardy  spectrophotometer 
equipped  with  an  integrating  sphere,  and  with  cells  immersed  in  glycerol  to 
i  educe  scattering.  Another  likely  source  of  discrepancies  is  the  broadening 
of  the  absorption  bands  in  vivo  (particularly  of  that  of  fucoxanthol). 

The  uncertainty  implied  in  the  discrepancy  between  the  two  curves, 
had  to  be  accepted  in  estimating  the  contribution  of  the  several  pigments 
to  total  cell  absorption  at  any  given  wave  length.  The  results  of  this 
estimate  are  shown  by  fig.  30.9D.  It  indicates  that  in  the  region  500- 
TT  lllcoxanthol  takes  up  most  of  the  quanta  absorbed;  and  yet,  fig. 

.9A  shows  no  drop  in  yield  in  this  region— except  below  520  m/x,  where 
absorption  by  “other  carotenoids”  sets  in.  The  simplest  explanation  of  the 
lesults  is  that  three  pigments-chlorophylls  a  and  c  and  fucoxanthol-are 

Iri  either  Z  f  ®  T  “  0J1>-  whiIc  ‘he  other  carotenoids 

are  either  altogether  ineffective  or  have  a  much  smaller  efficiency 

10  Lwr  A*r  that  70  0f  NaViCU mmima  ‘he  same  at  1.5, 

0  9  and  6  9  X  m-»‘  7  'T  a  f"°°th  flmCti°n  °f  light  intensity  between 

>2  X  l0-»  •  -  lnstfn/cm-  min-’  the  curvature  becoming  noticeable 

green  light  a  ,‘ fe  em/rt-,  P°in‘S  °btained  ”  blue  and 

for  Chlml  r  ' p  he  same  sIlghtly  curved  line-  similar  to  that  found 

lor  Lhlorella  by  Emerson  and  Lewis  (fig.  30.5). 
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If  fucoxanthol  and  other  carotenoids  are  to  a  certain  extent  active  as 
sensitizers  in  green  plants  and  brown  algae,  the  mechanism  of  their  par¬ 
ticipation  is  likely  to  be  based  on  a  transfer  of  energy  to  chlorophyll,  rather 
than  on  a  direct  interaction  with  the  oxidation-reduction  system.  This 
hypothesis  was  suggested  by  Engelmann  over  fifty  years  ago;  its  first 
direct  confirmation  came  from  the  experiments  of  Dutton,  Manning  and 
Duggar  on  the  excitation  of  chlorophyll  fluorescence  by  light  absorbed  by 
the  carotenoids,  which  were  described  in  chapter  24  (page  814).  They 
were  carried  out  with  the  same  organism  ( Nitzschia  closlerium )  that  was 
also  used  for  the  measurement  of  the  quantum  yield  of  photosynthesis. 

The  quantitative  results  of  this  study  also  are  in  need  of  re-examination  for 
possible  effects  of  chlorophyll  c. 


We  will  uow  describe  in  brief  the  experiments  in  light  of  indefinite  (and  probably 
partly  saturating)  intensity,  which  can  be  adduced  in  support  of  the  hypothesis  that 
the  carotenoids  of  brown  algae  actively  participate  in  photosynthesis.  Conditions  in 
these  organisms  appeared  somewhat  more  favorable  for  correct  guessing  than  in  green 
plants,  because  of  the  absence  of  chlorophyll  6,  and  consequent  enhanced  importance 
of  the  carotenoids  for  the  absorption  in  the  region  between  450  and  500  m/x;  here  again 
the  contribution  of  chlorophyll  c  requires  consideration. 

As  early  as  1884,  Engelmann  found  that  brown  algae  ( Melosira ,  Navicula,  Pinnul- 
aria)  illuminated  by  sunlight  or  gas  light,  produced  the  largest  amount  of  oxygen  in  the 
green  part  of  the  spectrum,  and  concluded  that  the  “orange  pigment”  of  these  algae  must 
participate  in  sensitization. 

Fifty  years  later,  Montfort  (1934)  compared  the  rate  of  photosynthesis  in  white 
light  of  a  certain  standard  intensity  with  its  rate  in  orange-red  light.  While  green  algae 
{JJlva  lactuca )  were  equally  efficient  with  both  kinds  of  illuminations,  brown  algae, 
Diclyota  dichotoma,  Alaria  and  Desmarestia,  produced  in  orange-red  light  only  one  half 
the  oxygen  liberated  in  white  light.  Montfort  interpreted  this  as  an  indication  that 
Phaeophyceae  have  a  higher  relative  efficiency  in  blue  and  violet  light,  and  attributed 
this  to  the  presence  of  fucoxanthol.  Later,  Montfort  (1936)  and  his  co-worker  Schmidt 
(1937)  found  that  the  removal  of  blue  and  violet  rays  from  white  light  depressed  the 
rate  of  photosynthesis  in  brown  algae  {Dictyota  and  Laminaria)  much  more  strongly 
than  in  the  green  Ulva.  They  calculated  the  ratio  P/A  (photosynthesis  per  unit  ab¬ 
sorbed  energy)  for  different  colors,  using  incident  light  of  equal  intensity  in  all  spectral 


regions.  . 

An  arbitrary  selection  from  the  confusing  abundance  of  their  material  is  shown  in 

Table  30. VI.  Not  all  the  figures  in  this  table  may  be  strictly  comparable,  but  they 
show  the  trend  of  the  results. 

In  green  algae,  the  decrease  in  P/I  from  the  red  to  the  green  and  the  renewed  in¬ 
crease  in  the  blue  reflected  more  or  less  clearly  the  changes  in  absorption  and  in  the  size 
of  quanta.  (These  two  factors  cooperate  to  make  the  yield  in  green  light,  smaller  than 
in  the  red;  but  become  antagonistic  in  the  blue.)  In  brown  algae— with  the  exception 
of  Fucus,  which  Montfort  classified  as  a  “xanthophyll  alga”  (whereas  he  designated 
Laminaria  and  Dictyota  as  “fucoxanthol  algae”)-the  yields  were  invariably  30  or  40% 
higher  in  the  blue  than  in  the  red,  and  would  have  become  twee  as  high  if  relate 
to°the  absorption  by  chlorophyll  alone.  In  the  green,  too,  the  P/I  values  were  relative  y 
higher  than  they  should  be  according  to  the  absorption  of  chlorophyll  and  the  size  of  the 
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quanta.  Montfort  and  Schmidt  concluded  from  these  results  that,  of  all  the  carotenoids, 
only  fucoxanthol  is  able  to  assist  in  the  sensitization  of  photosynthesis,  whereas  the 
carotenoids  of  green  algae  are  inactive  (for  a  criticism  of  their  methods,  see  Emerson 
1937). 


Table  30. VI 

Energy  Yield  of  Algae  in  Light  of  Different  Colors'1  (after  Schmidt  1937) 


P/I  (green)  P/I  (blue) 


Aka  P/I  (red)  P/I  (red) 


Green 

Clndophora . 0.49  0.80 

Ulva  lactuca . 0.46  0.82 

Brown 

Laminaria  digitata 

Strong  light  (1) . 0  1.29 

Medium  light  (H) . 0.91  1.32 

Weak  light  {%) . 1.00  1.23 

Phyllitis  fascia .  —  1  40 

Dictyota  dichotoma . 0.90  1  48 

Fucus  vcsiculosus  (brown,  but  with  low  fucoxanthol  content) . 0.38  CL  59 


°  P/1  for  equal  incident  intensities. 


A  certain  improvement  of  methods  was  attempted  by  Montfort  later  (1940).  The 
pigments  were  extracted  from  the  algae  and  their  absorption  curves  determined  (in 
methanol  solution),  with  results  shown  in  figure  22.45A,B  (c/.  also  Table  22. VIII).  These 
absorption  data  were  applied  to  the  results  of  Gabrielsen  and  Steemann-Nielsen  (1938), 
who  found  that,  for  equal  incident  light  intensity,  the  rate  of  oxygen  production  by  di¬ 
atoms  is  consistently  higher  in  the  blue  than  in  the  red.  (A  similar  difference  was  re¬ 
ported  earlier  by  Mothes,  Baatz  and  Sagromsky  1939.)  The  difference  is  particularly 
strong  in  low  light,  as  shown  by  Table  30.  VII.  The  table  describes  a  perfectly  under- 


Table  30. VII 

RATI0S  °r  ™  Blue  amd  Red  Light 


Incident  light, 
cal/cm.s  sec. 

P  (blue) 

P  (red) 

Incident  light, 
cal/cni.2  sec. 

P  (blue) 

P  (red) 

0.25.... 

0  5 

1.7 . 

1.0  .  . 

2.4 . 

3.7 . 

standable  transition  from  the  conditions  at  low  light  intensities  fwWo  th  •  i  i  • 

ratios  in  Table  30.VII  and  conclude!  that  P  ,  erre^’  however>  to  average  all  the 
rat,  in  bine  light  is  1.03  times  , anger  tha’nlnU 
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meats,  and  2.46  times  larger  referred  to  chlorophyll  alone;  while,  according  to  the  size 
of  the  quanta,  it  should  be  smaller  by  a  factor  of  0.68. 

In  the  case  of  brown  algae  ( Laminaria  digitata)  a  similar  calculation  (based  on  Mont- 
fort’s  own  measurements)  gave  energy  yield  ratios  (related  to  the  combined  absorption 
by  all  pigments)  of  0.86  and  1.18  (for  two  different  combinations  of  filters),  as  compared 
with  the  quantum  size  ratios  of  0.64  and  0.77,  respectively,  again  indicating  a  higher 
quantum  yield  in  the  blue-violet  than  in  the  red.  At  their  face  value,  Montfort’s  figures 
appear  to  indicate  that  the  carotenoids  of  the  diatoms  and  brown  algae  are  several  times 
more  efficient  as  sensitizers  than  chlorophyll! 

Mothes,  Baatz,  and  Sagromsky  (1939),  Baatz  (1941)  and  Sagromsky  (1943)  have 
described  observations  of  the  rate  of  photosynthesis  in  filtered  red  and  blue  light  of 
equal  intensity  (in  energy  units).  They  found  for  these  two  rates,  a  ratio  of  1 : 1.2  in  the 
diatom  Chaeloceras  simplicia  centrosperma,  as  against  1:0.7  in  two  unicellular  green  algae, 
and  attributed  the  relatively  better  utilization  of  blue  light  by  the  brown  cells  to  the 
presence  of  fucoxanthol.  These  experiments  were  more  satisfactory  than  those  of  Mont- 
font  in  that  unicellular  algae  were  used  rather  than  thick  thalli;  but  it  was  equally  un¬ 
satisfactory  in  the  use  of  broad  spectral  regions,  and  even  less  satisfactory  in  the  absence 
of  any  absorption  measurements,  which  would  permit  approximate  allocation  of  ab¬ 
sorption  to  the  several  pigments.  Mothes  and  co-workers  pointed  out  the  difficulty 
of  the  latter  problem,  caused  by  the  difference  of  the  carotenoid  spectrum  in  vivo  from 
that  in  vitro.  (This  difference  is  clearly  indicated  by  the  change  of  color  from  brown  to 
green  caused  by  placing  brown  algae  in  hot  water — a  treatment  which,  they  assumed, 
disrupts  the  molecular  association  of  carotenoids  with  chlorophyll  and  proteins.) 


6.  Quantum  Yield  and  Action  Spectrum  of  Red  and  Blue  Algae. 

Role  of  Phycobilins 

The  history  of  our  knowledge  of  the  role  of  phycobilins  in  the  sensitiza¬ 
tion  of  photosynthesis  in  red  and  blue  algae  is  similar  to  that  of  the  role  of 
carotenoids  in  brown  algae.  Here  too  we  find  the — we  now  know,  correct- 
guess  by  Engelmann,  made  as  early  as  1883,  that  the  phycobilins  are  active 
sensitizers  of  photosynthesis,  as  well  as  a  series  of  vague  and  indecisive 
observations  and  calculations  of  several  authors,  mostly  tending  to  confimi 
this  guess,  and  finally,  quantitative  analyses  of  the  quantum  yield  as  a 
function  of  wave  length,  carried  out  by  Emerson  and  Levis  (1941,  1942), 
and  Haxo  and  Blinks  (1950),  which  brought  convincing  confirmation  of 
Engelmann’ s  concept.  As  in  the  previous  section,  we  will  discuss  the 

more  recent  and  reliable  experiments  first. 

Table  29. Ill  showed  that  Emerson  and  Lewis  (1941),  in  comparing 
the  quantum  yield  of  different  plants  in  yellow  sodium  light,  found  no 
difference  between  green  plants  and  the  blue-green  algae  Chroococcus,  a  - 
though  in  the  latter,  far  more  than  half  the  absorption  in  the  yellow  re¬ 
gion  was  due  to  phycocyanine.  This  result  of  a  preliminary  observation 
was  in  itself  a  more  convincing  proof  of  the  activity  of  phycobilins  in  photo¬ 
synthesis  than  could  be  derived  from  all  the  extensive  earlier  discussions 
of  this  problem.  It  was  confirmed  and  amplified  by  the  same  authois  m 
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1943,  by  a  systematic  investigation  of  the  relation  between  wave  length 
and  quantum  yield  in  this  Cyanophycea. 

Chroococcus  cells  are  somewhat  smaller  than  Chlorella  (2.5  y  in  diame¬ 
ter)  and  are  surrounded  by  a  gelatinous  sheath.  They  scatter  less  light 


Fig.  30.10A.  Quantum  yield  of  Chroococcus  photosynthesis  (after  Emerson  and  Lewis 
1942).  Solid  line  is  drawn  through  experimental  points,  values  obtained  in  different 
runs  being  distinguished  by  different  characters.  Broken  line  shows  expected  dependence 
of  quantum  yield  on  wave  length,  on  assumption  that  yield  for  light  absorbed  by  chloro¬ 
phyll  and  phycocyanine  is  0.08  at  all  wave  lengths,  and  light  absorbed  by  carotenoids  is 
not  available  for  photosynthesis. 


Fig  30.10B.  Comparison  of  action  spectrum  (broken  curve)  and  ab¬ 
sorption  spectrum  of  Chroococcus  (after  Emerson  and  Lewis  1942). 


^hapte'r'tlellV^0Tvy  be?USe  0f  the  absence  0f  cl>loroplasts;  cf. 


1180 


THE  LIGHT  FACTOR.  ITT.  COLOR 


CHAP.  30 


t rated  by  fig.  22.487?).  The  main  remaining  differences  between  the  “cell 
spectrum”  and  the  combined  extract  spectrum  is  the  apparent  broadening  of 
the  red  chlorophyll  band  in  the  intact  cells,  and  a  somewhat  lower  absorp¬ 
tion  of  the  latter  at  X  <  510  m/x. 


Chroococcus  cells  were  used  in  carbonate  buffer  (85%  0.1  M  NaHC03  + 
15%  0.1  M  Na^CCb).  These  algae  can  live  without  potassium,  but  not 
without  sodium.  The  method  of  determination  of  y  was  the  same  as  in 
the  work  with  Chlorella.  (Rands  6-10  m/x  wide  were  used  in  the  red  and 
15-20  m/x  wide  in  the  blue-violet;  photosynthesis  and  respiration  were 
measured  in  alternating  10  minute  periods  of  darkness  and  light,  the  value 
of  P  being  derived  from  the  rate  of  oxygen  production  in  the  second  half 
of  the  illumination  period.)  Both  “dense”  (fully  absorbing)  and  “thin” 
(partially  absorbing)  suspensions  were  used. 

The  quantum  yield  of  photosynthesis  in  Chroococcus  as  a  function  of 
wave  length  is  shown  in  figure  30.10A.  As  in  Chlorella,  y  is  approximately 
constant  between  570  and  690  mu  (aside  from  a  slight  flat  maximum  at  680 
m/x) — despite  the  fact  that  in  Chlorella  all  absorption  in  this  region  is  due  to 
chlorophyll,  whereas,  in  Chroococcus,  more  than  half  the  total  absorption 
in  the  region  between  560  and  650  m/x  must  be  attributed  to  phycocyanin. 
Judging  from  figure  22.49,  the  absorption  by  phycocyanin  at  600  m/x 
should  be  at  least  six  times  as  large  as  that  by  chlorophyll ;  but  the  quan¬ 
tum  yield  is  the  same  as  at  660-680  m/x,  where  chlorophyll  accounts  for 
practically  all  absorption.  Thus,  the  photosynthetic  efficiency  of  phyco¬ 
cyanin  in  Chroococcus  must  equal  that  of  chlorophyll  (the  maximum 
possible  difference  being  of  the  order  of  10-15%).  Another  way  of  repre¬ 
senting  the  same  results  is  shown  in  figure  30.10B.  Here,  the  absorption 
spectrum  of  a  thin  suspension  of  Chroococcus  cells  is  compared  with  the 
quantized  action  spectrum  of  photosynthesis.  The  close  parallelism  be¬ 
tween  the  two  curves  in  the  region  above  570  m/x  shows  the  approximately 


equal  availability  for  photosynthesis  of  the  light  absorbed  by  both  chloro¬ 
phyll  and  phycocyanin.  Particularly  convincing  are  the  two  separate 
maxima  shown  by  both  curves  near  620  and  670  m/x,  which  must  be  at¬ 
tributed  to  phycocyanin  and  chlorophyll,  respectively.  1  he  huge  dis¬ 
crepancy  in  the  region  420-550  m/x  indicates  the  inefficiency  (or  relatively 
low  efficiency)  of  the  light  absorbed  by  the  carotenoids.  The  dotted  line  in 
figure  30.10A  shows,  however,  that  assuming  complete  inefficiency  ol 
the  carotenoids  leads  to  an  underestimation  of  the  yield  between  450  and 
550  m/x-  the  best  agreement  between  measured  and  calculated  yields  can 
be  obtained  by  assuming  a  quantum  yield  y  =  0.08  for  the  light  absorbed 
by  chlorophyll  and  phycocyanin,  and  y  =  0.016  for  the  light  absorbed  >y 


the  carotenoids. 

The  action  spectra  of  several  species  of  red  algae  wei 


*e  studied  by  Haxo 
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action  spectrum  of  red  and  retie  aegae 
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(1950). 


Fig.  30.11.  Action  spectra  after  ITaxo  and  Blinks 
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and  Blinks  (1950)  with  very  striking  results.  The  polarographic  method 
(page  850)  was  used,  with  occasional  checks  by  oxygen  determination  and 
manometric  measurements.  Light  intensities  used  were  low  enough  (about 
twice  the  compensating  intensity)  for  the  results  to  approximate  the  maxi¬ 
mum  quantum  yields.  In  the  green  alga  Ulva  taeniata  (fig.  30. 11  A)  the 
action  spectrum  was  found  to  follow  closely  the  absorption  spectrum,  with 
the  exception  of  a  yield  deficiency  of  up  to  100%  in  the  far  red  (>700  m/i), 
already  noticed  by  Emerson  and  Lewis  (c/.  fig.  30.3),  and  of  a  certain 
yield  deficiency  around  480  npu,  also  noticed  before,  and  interpreted  as  evi¬ 
dence  of  partial  inactivity  of  the  carotenoid  pigments  in  green  cells.  It  is, 
however,  to  be  noted  that  the  yield  deficiency  disappears  at  415  m^,  al¬ 
though  a  considerable  proportion  of  light  (over  50%  in  extracts)  must  be 
absorbed  in  this  region  by  carotenoids. 

In  the  brown  Coilodesme  (fig.  30.1  IB),  the  action  spectrum  also  paral¬ 
leled  rather  closely  the  absorption  spectrum  with  a  moderate  deficiency 
(of  up  to  20%)  in  the  region  of  strong  carotenoid  absorption.  In  the  red 
algae  Delesseria  decipiens  (fig.  30.11C),  Porphyra  nereocystis  (fig.  30.11D), 
Porphyra  naiadum  (fig.  30.11E)  (purple,  indicating  relatively  high  content 
of  phycocyanin)  and  Porphyra  perforata  (fig.  30.1  IF,  G)  (a  slate-green 
vegetative  section  containing  mainly  phycocyanin,  and  a  red  carposporic 
section)  the  action  spectra  were  strikingly  different  from  the  absorption 
spectra.  They  showed  unmistakable  maxima  corresponding  to  the  ab¬ 
sorption  peaks  of  phycoerythrin,  at  500  and  5G5  m/*,  and  also  to  those  of 
phycocyanin  at  620  mu  (fig.  30.11E,  F),  but  only  very  little  of  the  chloro¬ 
phyll  maxima  in  the  red  as  well  as  in  the  violet.  The  quantum  yield  was 
estimated  to  be  the  order  of  0.06  in  the  phycoerythrin  bands,  and  as  low  as 
0.02  in  the  chlorophyll  bands.  Similar  results  were  obtained  with  several 
other  Bangiales  and  Florideae.  The  absorption  by  carotenoids  appeared  to 
be  as  little  effective  as  that  by  chlorophyll.  A  slight  increase  in  activity 
shown  by  some  species  at  X  =  440  mju,  coinciding  as  it  did  with  an  increase 
in  the  absorption  of  the  aqueous  phycobilin  extract,  could  not  be  inter¬ 
preted  as  sign  of  photosynthetic  activity  of  the  chlorophylls  or  the  caro¬ 
tenoids. 

These  unexpected  results  indicate  that  in  contrast  to  all  other  plants 
direct  sensitization  by  chlorophyll  plays  only  a  subordinate  role  in  at  least 
some  of  the  red  algae,  and  that  photosynthesis  in  them  is  sensitized  pri¬ 
marily  by  phycobilins.  If  this  is  the  case,  it  would  seem  unlikely  that  the 
energy  quanta  absorbed  by  the  phycobilins  are  transmitted  to  chlorophyll, 
since  how  could  indirectly  produced  excitation  of  chlorophyll  be  more 
effective  than  excitation  due  to  energy  absorbed  directly  by  chlorophyll. 
Rather,  these  results  would  seem  to  indicate  that  the  phycobilins  are 
sensitizers  of  photosynthesis  in  their  own  right,  and  that  their  presence 


ACTION  SPECTRUM  OF  RED  AND  BLUE  ALGAE 


1183 


may  perhaps  even  make  that  of  chlorophyll  superfluous,  although  so  far  no 
chlorophyll-free  red  algae  have  been  found. 

We  will  see  below,  however,  that  a  different — and  no  less  striking — 
interpretation  of  these  results  is  possible. 

In  one  species  of  Iridophycus,  which  bleaches  to  almost  green  color  at 
high  tide,  a  much  greater  participation  of  chlorophyll  in  photosynthesis 


was  noted  in  rough  experiments. 

Haxo  and  Blinks  said  that,  in  contrast  to  Emerson  and  Lewis’s  results  on 
Chroococcus,  they  found  only  a  weak  chlorophyll  activity  also  in  two  blue- 
green  algae,  Anaboena  and  Oscillatoria,  whose  action  spectra  were  similar 
to  those  of  Porphyra  perphorota  (fig.  36.1  IF).  They  suggested  that  culture 
conditions  may  affect  the  relative  activity  of  different  pigments  in  algae  of 
the  same  class  or  even  the  same  species. 

Haxo  and  Blinks  noted  that  the  saturation  rate  of  photosynthesis  of 
Delesseria  is  the  same  in  blue  light  (565  niju)  as  in  red  light  (672  my) :  This 
seems  to  indicate  that  the  enzymatic  mechanism  of  photosynthesis — or, 
at  least,  the  rate-limiting  enzymatic  reaction — is  the  same  whether  the 
quanta  are  absorbed  by  a  phycobilin  or  by  a  chlorophyll. 

In  chapter  24  (p.  815)  we  described  the  fluorescence  studies  of  French 
et  al.  (1951)  and  Duysens  (1951)  that  indicated  effective  transfer  of  excita¬ 
tion  energy  in  red  algae  from  carotenoids  and  phycobilins  to  chlorophyll 
a,  and  (in  certain  of  them)  from  chlorophyll  a  to  d  (despite  the  low  con¬ 
centration  of  the  latter).  If  one  assumes  that  transfer  to  chlorophyll  d 
constitutes  a  “leak”  which  makes  energy  unavailable  for  photosynthesis, 
the  results  of  Blinks  and  Haxo  become  understandable.  The  question 
lemains  why  energy  transferred  to  chlorophyll  a  from  phycobilins  is  not 
also  lost  to  chlorophyll  d  but  remains  available  for  photosynthesis.  It  was 
noted  on  p.  815  that  this  energy  stays  with  chlorophyll  a  long  enough  to 
cause  its  fluorescence  (while  most  of  the  energy  absorbed  by  chlorophyll  a 
itself  causes  the  fluorescence  of  d).  Two  suggestions  were  made  there  as 
to  the  possible  reasons  for  this  difference  in  the  fate  of  excitation  energy 
but  further  study  is  needed  for  a  convincing  explanation. 

Duysens'  observations  provide  the  strongest  argument  at  present  in 
avor  of  assuming  that  chlorophyll  a  is  the  one  pigment  directly  par- 
tic, pating  in  photosynthesis,  and  that  not  only  the  carotenoids,  but  also 

enervv7! o  ch'|n5’  7!!““  PAhoto“ynthesis  by  transferring  their  excitation 
lergy  to  chlorophyll  a.  Another  argument  supporting  this  view  is  the 

oUhJnhvc  °hT  rd  T"’0rkers  <1951> ‘hat  the  yield  of  fluorescence 
the  phyobihns  in  algae  shows  none  of  the  induction  effects  and  of  thp 

chlp'emMTnTas'f1  “h™*-  *hich  We''e  discussed  at  len«th  in 

cna.pt eis  24  and  28  (part  B)  and  are  indicative  of  an  intimate  relationshin 
between  chlorophyll  and  the  chemical  processes  of  photosynthesis 
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Beside  the  measurements  of  Emerson  and  Lewis  and  of  Blinks  and  Haxo, 
all  earlier  observations  on  the  role  of  phycobilins  in  photosynthesis  have 
only  weight  ol  corroborative  evidence.  Most  of  this  evidence  pertains 
to  1  cd  algae,  and  has  been  gathered  in  connection  with  Engelmann’s  theory 
of  complementary  chromatic  adaptation”  of  these  algae  to  the  blue-green 
light  that  prevails  under  the  sea.  (Obviously,  this  color  adaptation  can 
only  be  useful  to  the  algae  if  the  light  absorbed  by  the  red  pigments  can  be 
used  for  photosynthesis.)  Because  of  the  absorption  of  red  and  blue- 
violet  light  by  water,  a  full  utilization  of  the  central  part  of  the  visible 
spectrum — which  is  only  insufficiently  absorbed  by  chlorophyll — is  of 
vital  importance  for  the  plants  living  deep  under  the  sea.  This  considera¬ 
tion  was  the  basis  of  the  theory  of  chromatic  adaptation,  developed  by 
Engelmann  in  1884.  This  subject  was  almost  lost  sight  of  in  the  first  quar¬ 
ter  of  the  new  century,  while  new  methods  of  quantitative  study  of  photo¬ 
synthesis  by  green  leaves  were  being  developed  by  Blackman  and  co¬ 
workers  and  by  Willstatter  and  Stoll.  Later,  Warburg  made  the  green 
Chlorella  cells  the  favorite  subject  of  photosynthetic  studies.  In  the 
work  on  green  plants,  the  presence  of  accessory  yellow  pigments  was  con¬ 
sidered  to  be  scarcely  more  than  a  nuisance.  These  pigments  were  not 
prominent  enough — both  in  concentration  and  in  the  part  they  took  in 
light  absorption — to  make  them  a  desirable  subject  of  independent  study; 
but  their  presence  interfered  with  the  quantitative  study  of  chlorophyll- 
sensitized  photosynthesis  in  the  short-wTave  region  of  the  visible  spectrum. 
The  fact  that  blue  and  red  algae  offer  a  much  more  promising  field  for  the 
study  of  the  part  played  by  the  “accessory”  pigments  in  photosynthesis 
was  almost  forgotten.  Engelmann  had  noticed,  however,  as  early  as 
1883  (using  motile  bacteria  for  the  oxygen  determination)  that  the  maxi¬ 
mum  of  the  photosynthetic  efficiency  of  red  algae  ( Callithamnion  and  Cer- 
amiurn )  lay  in  the  green  part  of  the  spectrum,  and  that  of  blue  algae  ( Oscil - 
latoria  and  Nostoc ),  in  the  yellow.  As  in  the  case  of  green  plants,  the  posi¬ 
tion  of  the  maximum  of  photosynthesis  coincided  roughly  with  that  of  the 
maximum  of  light  absorption.  A  year  later  (1884),  Engelmann  described 
a  “microspectrophotometer,”  by  means  of  which  he  was  able  to  show  that 
the  parallelism  between  the  absorption  spectra  and  the  “photosynthetic 
action  spectra”  of  the  colored  algae  is  quantitative.  He  concluded  that 
all  pigments  that  contribute  to  light  absorption  by  the  algae  also  con¬ 
tribute  to  photosynthesis,  and  expressed  this  result  by  the  equation 
Eabs.  =  Passim.  (#  standing  for  energy),  which  was  a  direct  challenge  to  the 
concept  of  the  exclusive  sensitizing  role  of  chlorophyll  in  photosynthesis. 

One  of  the  developments  of  Engelmann’s  theory-the  concept  of  chro¬ 
matic  adaptation”  as  a  factor  determining  the  composition  ot  the  pigment 
system  in  plants— has  been  discussed  in  chapter  15.  Here,  we  are  con- 
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cerned  with  the  other  aspect  of  the  same  phenomenon— chromatic  adapta¬ 
tion  as  a  factor  enabling  plants  to  make  better  use  of  available  light  energy. 
It  was  mentioned  in  chapter  15  that  Oltmanns  (1893)  and  others  (most 
recently,  von  Richter  1912,  and  Sargent  1934)  objected  to  Engelmann’s 
theory  (as  well  as  to  its  extension  by  Gaidukov  to  color  changes  induced 
artificially  in  blue-green  algae)  and  insisted  that  algae  responded  only  to 


changes  in  light  intensity ,  and  not  color. 

Von  Richter  (1912)  raised  a  further  objection  and  asserted  that  “chro¬ 
matic  adaptation”  could  not  achieve  the  purpose  that  was  suggested  by 
Engelmann,  because  phycobilins  do  not  act  as  sensitizers  in  photosynthe¬ 
sis.  Although,  in  comparing  the  ratio  of  the  photosynthetic  productions 
of  the  green  alga  Ulva  lactuca  in  red  and  green  light  with  the  corresponding 
ratios  for  Plocamium,  Callithamnion,  Delesseria  and  other  red  algae,  von 
Richter  could  not  help  confirming  the  results  of  Engelmann  and  finding 
that  red  algae  are  two  or  three  times  as  efficient  in  green  light  as  the  green 
algae,  he  nevertheless  denied  that  this  proved  the  photosynthetic  activity 
of  the  red  pigments.  He  pointed  out  that  similar  differences  are  obtained 
also  by  changing  the  intensity  of  light,  and  suggested  that  the  red  algae 
utilize  green  light  better  not  because  of  its  wave  length  but  because  it  is 
only  weakly  absorbed  by  chlorophyll—  and  red  algae  are  adapted  to  weak 
light. 

However,  the  views  of  von  Richter  have  not  been  confirmed  by  later 
investigators.  Wurmser  and  Ducleaux  (1921)  compared  the  photosyn- 
tbetic  efficiencies  of  red  and  green  fronds  of  Rhodynienia  palniata  and 
Chondrus  crispus  and  found  that  the  red  varieties  give  yields  two  or  three 
times  greater  than  the  green  ones.  Wurmser  (1921)  compared  the  photo¬ 
synthesis  of  the  green  alga  Ulva  lactuca  with  that,  of  the  red  alga  Rhodymenia 
palmala  in  red,  green  and  violet  light.  He  found  that,  if  the  rate  in  red  is 
taken  as  unity,  that  in  green  is  0.24  in  Ulva  and  0.49  in  Rhodymenia,  and 
that  in  violet  0.81  and  0.16,  respectively  (for  equal  intensity  of  incident 
light).  Thus,  the  red  algae  are  more  efficient  in  the  green,  but  less  ef¬ 
ficient  in  the  violet  than  the  green  ones.  Wurmser  pointed  out  that,  even 
if  von  Richter’s  intensity  effects  are  real,  this  does  not  mean  that  color  ef¬ 
fects  are  only  indirect  consequences  of  changes  in  absorption  intensity 

Similar  results  were  obtained  by  Harder  (1923),  who  concluded  that 
>°  i  intensity  adaptation  and  color  adaptation  are  real  phenomena.  He 

withrlr'5!  ^6- (1r 32)'  interpreted  tlle  result  of  the  rate  measurements 
J“V a,Sae  asi„dicating  active  participation  of  the  phycobilins  in  plioto- 

Schmidt  flWl  whT6  ““lusl0ns  were  reached  Montfort  (1936)  and 
hmidt  (1937),  who  found  the  spectral  maximum  of  the  efficiency  of  phyco- 

cyanm  algae  in  yellow  light,  and  that  of  phycoerythrin  algae  in  g'reen 
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Levring  (1947)  determined  “action  spectra”  of  photosynthesis  of  a 
number  of  marine  algae  in  filtered  sunlight.  (Only  qualitative  results  can 
be  expected  from  such  measurements,  because  of  the  relatively  high  light 
intensity  and  the  relatively  strong  absorption  of  the  thalli).  He  found 
evidence  of  particularly  strong  photosynthetic  efficiency  (high  ratio  yield/ 
absorption)  in  green  light  in  ten  species  of  red  algae,  and  concluded  that 
the  red  phycobilin  pigment  is  as  active  (if  not  more  active)  than  the  green 
chlorophyll.  Combining  these  results  with  those  of  his  measurements  of 
spectral  distribution  of  light  in  different  depths,  he  concluded  that  because 
ot  the  presence  of  the  red  pigment,  the  Rhodophyceae  utilize  the  blue-green 
light  deep  under  the  sea  better  than  the  Chlorophyceae,  as  postulated  by  the 
Engel mann-Gaidu kov  theory.  He  agreed,  however,  that  adaptation  to 
low  light  intensity  is  an  alternative  way  of  adjustment  to  life  in  great 
depths;  an  important  element  of  it  is  low  respiration. 

Thus,  even  more  uniformly  than  in  the  case  of  brown  algae,  the  crude 
observations  on  the  relative  efficiency  of  photosynthesis  of  red  algae  in  light 
of  different  color  support  the  assumption  that  the  accessory  pigments  of 
these  organisms  are  active  sensitizers  in  photosynthesis,  and  that  Engel- 
mann’s  theory  of  chromatic  adaptation  was  fundamentally  correct.  And 
one  may  ask  oneself,  how  could  it  have  been  otherwise?  Would  it  not  be 
strange  if  the  appearance  of  orange  or  red  pigments  in  deep-water  algae 
would  be  only  a  coincidence,  and  these  pigments  were  helpless  in  performing 
the  task  so  obviously  set  to  the  plants  by  the  character  of  the  “light  field” 
in  which  they  live — to  catch  and  utilize  for  their  maintenance  and  propaga¬ 
tion  radiations  in  the  middle  of  the  visible  spectrum,  which  are  the  only 
ones  to  reach  them  in  some  intensity? 

It  may  be  argued  that  not  all  deep-water  algae  are  red,  some  green 
algae  being  encountered  in  great  depth.  In  other  words,  algae  can  sur¬ 
vive  without  phycobilins  in  the  greatest  depths  where  life  occurs.  How¬ 
ever,  this  in  itself  is  not  a  convincing  argument  against  Engelmann’s  theory. 
Algae  could  adapt  themselves  to  great  depths  in  two  ways:  by  reducing 
respiration  to  a  level  permitting  growth  even  in  extremely  weak,  and  weakly 
absorbed  light;  and  by  adjusting  their  pigment  systems  to  enhance  light 
absorption.  The  fact  that  the  first  adjustment  has  been  sufficient  for 
some  green  species  does  not  invalidate  the  hypothesis  that  red  algae  have 
also  used  chromatic  adaptation  tor  the  same  purpose. 

Another  objection  to  Engelmann’s  theory  is  that  many  red  algae  live 
on  or  near  the  surface  and  that  phycobilins  are  found  in  blue-green  algae, 
which  are  surface  organisms.  It  is  known,  however,  that  red  algae  often 
tend  to  lose  their  phycobilin  and  become  green  when  exposed  to  sunlight 
(cf.  Vol.  I  Chap.  15);  and  even  if  many  of  them  (as  well  as  the  blue-green 
algae)  apparently  find  their  phycobilin  content  useful,  or  at  least  not  harm- 
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fill,  even  on  the  surface,  this  does  not  prove  that  phycobilins  are  not  pig¬ 
ments  primarily  intended  to  permit  photosynthesis  deep  under  the  sea. 

One  may  speculate — particularly  in  the  light  of  Blinks  experiments 
whether  photosynthesis  with  phycobilins  may  not  be  an  older  process  than 
photosynthesis  with  chlorophyll;  perhaps,  the  development  of  the  green 
pigment  and  its  substitution  for  the  phycobilins  have  been  the  product  of  a 
later  development,  in  which  plant  life,  originating  in  the  depths  of  the 
ocean,  migrated  to  the  surface  and  finally  spread  overland. 

7.  Action  Spectrum  of  Purple  Bacteria 

Engclmann  found,  in  his  fundamental  work  on  photosynthetically  ac¬ 
tive  bacteria  (1888)  that,  if  a  spectrum  was  thrown  on  their  cultures,  they 
developed  only  in  the  absorption  bands  of  the  green  pigment  (which  we 
now  call  bacteriochlorophyll).  Purple  bacteria  also  contain  numerous 
carotenoids,  with  absorption  bands  clearly  separated  from  those  of  bac¬ 
teriochlorophyll  (c/.  fig.  22.21).  French  (1937)  found  that  the  action  spec¬ 
trum  of  Streptococcus  various  (as  determined  by  the  rate  of  consumption  of 
h}rdrogen)  shown  in  figure  30.12  closely  parallels  its  absorption  spectrum 
in  the  yellow  and  red  part  of  the  spectrum  but  does  not  show  maxima  in  the 
green  or  blue  that  correspond  to  the  absorption  bands  of  the  carotenoids 
(■ cf •  Table  30. VIII).  French  concluded  that  the  red  carotenoid  pig¬ 
ments  of  purple  bacteria  are  photosynthetically  inactive.  It  must  be 
noticed  that,  from  the  spectroscopic  point  of  view,  the  conditions  in  purple 
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bacteria  are  particularly  favorable  for  an  investigation  of  the  part  played 
by  the  carotenoids  in  photosynthesis,  since  the  absorption  peaks  of  the 
bacterial  carotenoids  are  not  concealed  behind  the  absorption  bands  of 
chlorophyll,  as  is  the  case  not  only  in  green  plants,  but  also  in  “fucoxanthol 
algae.” 

Table  30.VIII 

Position  of  Wave  Length  Maxima  (him)  in  Spectrum  of  Streptococcus  varians 

(after  French  1937) 


Methanol  solution  Cells  Action  spectrum 

410  420  — 

—  490"  — 

—  510“  — 

—  550"  — 

605  590  590 

770  880  900 


°  Carotenoid  bands. 


Vermeulen,  Wassink  and  Reman  (1937),  too,  found  that  the  develop¬ 
ment  of  Chromatium  takes  place  mainly  in  light  belonging  to  the  absorp¬ 
tion  bands  of  bacteriochlorophyll  (infrared,  red  and  a  narrow  band  at  590 
mu ;  cf.  figs.  22.19  and  22.21),  but  not  in  those  of  the  red  carotenoid  pig¬ 
ments. 

More  recently,  however,  Manten  and  Thomas  found  the  situation  to  be 
more  complex.  First,  Manten  (1946),  in  studying  the  action  spectrum  of 
phototaxis  of  Rhodospirillum  rubrum ,  found  peaks  corresponding  to  the 
absorption  peaks  of  bacteriochlorophyll  (590  m/x)  as  well  as  to  those  of  some 
of  the  carotenoids  (but  not  the  main  carotenoid  of  these  cells,  spirilloxan- 
thol).  He  suggested  that  the  mechanism  of  phototaxis  involves  in  Rhodo¬ 
spirillum,  primarily,  a  stimulation  of  photosynthesis,  and  that  the  action 
spectrum  of  phototaxis  therefore  indicates  that  some  (but  not  all)  caro¬ 
tenoids  are  photosynthetically  active  also  in  purple  bacteria.  Thomas 
(1950)  investigated  the  action  spectrum  of  photosynthesis  of  the  same  cells 
manometrically  by  measuring  carbon  dioxide  consumption  in  the  presence 
of  0.015  M  sodium  butyrate  as  hydrogen  donor,  {cf.  chapter  5,  p.  106).  e- 
cause  of  the  sigmoid  shape  of  the  light  curve,  the  action  spectrum  was 
determined  by  measuring  the  ratio  of  AC02  in  light  of  a  given  wave  lengt  i 
(bands  isolated  by  Christiansen  filters)  to  AGO,  in  light  ol  a  standard  wave 
length  (yellow  sodium  line) .  Between  460  and  650  mM  the  action  spectrum 
had  a  peak  at  590  mM  belonging  to  bacteriochlorophyll  (see  fig.  2.0 
and  three  peaks  attributable  to  carotenoids.  However,  no  maximum  o 

photosynthesis  is  noticeable  at  550  mg,  "here  a  peak  18 L^Oovtv 
absorption  curve  of  the  cells  (compare  fig.  22.2  7  and  table  30.\  III  a  c  ) , 
this  peak  has  been  attributed  to  the  most  abundant  bacterial  carotcnoic , 
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spirilloxanthol,  which  is  thus  shown  to  be  inactive,  both  in  photosynthesis 
and  in  phototaxis.  The  result  shows  close  similarity  of  the  two  action  spec¬ 
tra,  and  thus  supports  Manten’s  hypothesis  that  phototaxis  is  a  consequence 
of  enhanced  photosynthesis. 

The  observations  by  Duysens  (1951)  of  carotenoid-sensitized  fluores¬ 
cence  of  bacteriochlorophyll  in  Chromatium  and  Phodo spirillum  rubrum, 
described  in  chapter  24  (p.  810)  indicates  that  the  capacity  of  the  caroten¬ 
oids  in  purple  bacteria  to  sensitize  phototaxis  and  photoreduction  of  C02 
may  be  based  on  transfer  of  their  excitation  energy  to  bacteriochlorophyll. 
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